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The thesis consists of publications written by the author and co-authors on the area of electron 
paramagnetic resonance of porous metal-organic frameworks. The first part of the thesis 
describes gas adsorption of alkanes and alkenes over metal-organic framework 
Cu2.97Zn0.03(btc)2  (conventionally denoted as HKUST-1, btc = 1,3,5-benzenetricarboxylate) on 
the example of C2H4, C2H6, C4H8 and C4H10. The host-guest interactions between Cu
2+ open 
metal sites and adsorbed gases were investigated by continuous wave electron paramagnetic 
resonance, pulsed electron-nuclear resonance and hyperfine sublevel correlation spectroscopy. 
The study of C2H4 and C4H8 adsorption has demonstrated the formation of the alkene complexes 
with Cu2+ ions in the mixed Cu/Zn metal paddle wheel units. Powder and single crystal 
experiments revealed characteristic changes of the principal values of the Cu2+ g and ACu tensors 
due to the change of cupric ion coordination from the square planar towards the square 
pyramidal for the alkene adsorbed complexes. Quantum chemical calculations based on density 
functional theory support a weak specific interaction between the π-orbitals of C2H4 and C4H8 
with the Cu2+ ions atomic orbitals. Moreover, a detailed analysis of the 1H hyperfine coupling 
tensors deduced from pulsed electron-nuclear resonance and hyperfine sublevel correlation 
spectroscopy spectra allowed to locate the protons of the gas molecules in the vicinity of the 
Cu2+ and even suggested the coexistence of the two conformers of the adsorbed 1-butene.  
The second part of the thesis contains the structural study of powder and single crystal samples 
of metal-organic framework [𝐶𝑑(𝑝𝑟𝑧 − 𝑡𝑟𝑧 − 𝑖𝑎)]∞
3  , which was doped by paramagnetic Cu2+ 
ions. Firstly, the presented continuous wave electron paramagnetic resonance and density 
functional theory results provide information about successful substitution of Cd2+ by Cu2+ ions 
in the dinuclear Cd-Cd metal ion units of the metal-organic framework. The well resolved 
angular dependent electron paramagnetic resonance spectra of two differently oriented Cu2+ 
incorporation sites provide the information about the coordination symmetry of the cupric 
centers. Furthermore, multifrequency electron paramagnetic resonance, magnetic susceptibility 
measurements and density functional theory were applied to characterize the magnetic 
properties of Cu2+ and their magnetic interactions in the metal-organic framework 
[𝐶𝑢(𝑝𝑟𝑧 − 𝑡𝑟𝑧 − 𝑖𝑎)]∞
3 . The detailed investigation of the highly copper-doped metal-organic  




framework reveals that 85 % of the cupric ions form pairs, where the two metal ions are 
antiferromagnetically coupled via the triazole rings with an isotropic exchange coupling 
constant J1 = - 26 cm
-1. The provided density functional theory data allows a numerical 
estimation for the exchange coupling parameters with more distant Cu2+ ions of the idealized 
MOF structure and offer valuable insight into the magnetic coupling mechanisms and the 
efficiency of the various exchange paths. 
Finally, the third part of the thesis is dedicated to the electron paramagnetic resonance study of 
[Cu(4,4′-bipy)2(BF4)2] commonly denoted as ELM-11 (ELM = elastic layer material), a 
representative of a unique class of flexible metal-organic frameworks that exhibits gate-opening 
behavior. At a defined threshold gas pressure, such porous material features discontinuous 
adsorption-induced phase transitions from the dense closed-pore phase to open-pore phase 
resulting in a steep step in the gas adsorption isotherm. Herein, continuous wave electron 
paramagnetic resonance studies of both powder and single-crystal ELM-11 allowed for precise 
determination of the g tensor orientation and provided information about the exchange of the 
axial ligands of the ions upon desolvation and resolvation of the metal-organic framework. 
Furthermore, electron paramagnetic resonance investigation revealed the dependence of the 
local coordination environment of the Cu2+ ions in the activated (i.e. desolvated) form of ELM-
11 on the solvent used during the synthesis. These results provide unique insight into the role 
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From the middle of the 20th century to the present days, electron paramagnetic resonance 
(EPR) method has received a huge development and a wide range of the applications in the 
study of compounds containing paramagnetic centers. [1-3] For the first time, the EPR 
spectrum, an evidence of the interaction between magnetic moments of the electrons with 
microwave radiation (mw) in an external magnetic field, was observed in the CuCl2·H2O by E. 
Zavoisky in 1945. [4] Since the first Zavoisky’s experiment, the EPR method has become the 
most powerful research method in the study of such materials as paramagnetic transition metal 
ion (TMI) complexes, [5-7] paramagnetic defects in semiconductors [8, 9], paramagnetic ions 
in the proteins and organic radicals. [10-14] The spectroscopic parameters obtained from the 
EPR spectra gave detailed information about the atomic and molecular orbitals containing the 
unpaired electrons and the coordination symmetry of the paramagnetic ion. [14] The interaction 
between nuclear spin I ≥ ½ of the ligands and electron spin S ≥ ½ can be detailed explored by 
pulse EPR techniques, providing information about weak hyperfine and quadrupolar 
interactions. [15] In this way, the study of porous materials containing TMI by EPR 
spectroscopy have a great potential in terms of obtaining information at the atomic level. [16, 
17] Due to the fact that the metal-organic frameworks (MOF) have a huge capacity for the gas 
adsorption and separation, [18-22] obtaining the information about interaction between the 
MOF framework and adsorbates becomes the first priority. Furthermore, highly promising 
application of MOFs in heterogeneous catalysis requires detailed information about the 
magnetic characteristics of the studied compounds. [23-26] In this context, the idea of either 
isomorphous substitution of diamagnetic ions by paramagnetic transition ions, or the dilution 
of pure paramagnetic compounds by diamagnetic ions increases the possibilities of EPR 











The history of research on porous materials dates back to the first half of the 20th century 
and is based on the examples of zeolites. The main prospects in the application of zeolites were 
gas separation and catalysis. [28, 29] In the mid-1990s, pioneering work of S. Kitagawa, R. 
Robson, O. M. Yaghi opened up to the world a new type of porous materials – MOFs. [30-34] 
Today, more than 70 000 different variations of crystalline and powdered MOFs composites 
are presented (Figure 1.1). [35 – 37]  
 
In general, the MOFs are a class of porous hybrid materials that contains metal ions clusters 
connected with organic linkers, as schematically presented in Figure 1.2. Nowadays, the 
excellent structural variability can be realized by using different types of the metal ions and 
organic linkers. [38, 39] A huge diversity of the linkers provides a wide variety of linked sites 
with tuned binding strength and directionality (Figure 1.3). [41] 
Figure 1.1 Growth of the MOF entries in Cambridge Structural Database (CSD). The figure was 
taken from reference 35. 
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Furthermore, the spatial structure of MOFs backbone is determined by the coordination 
number of the metal ion. In general, the number of coordination bonds varies from two to seven 
depending on the TMI and its oxidation state. [42] The Figure 1.4 displays the modular 
character of MOF design and illustrates the options possible from the reaction. The highest 
potential interest for future applications have two- and three-dimensional MOFs (2D and 3D, 
respectively), which can be designed with a very specific pore sizes and shapes. [42] 
 
Figure 1.2 Representation of MOFs: metal ions (balls) are connected by organic linkers 
(sticks).  
 
Figure 1.3 Examples of linkers in coordination polymers (picture taken from reference 39). 
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In the context of structural variety and, as a consequence, properties and applications, 
Kitagawa suggested different generations of MOFs as show in Figure 1.5 [43 - 45]:  
- at the 1th generation, MOF compounds are stabilized by solvent molecules inside the 
pores and collapse when they are extracted. They exhibit no permanent porosity. [41]  
- at the 2th generation, functionality is tunable by the different metal ions or organic linker 
molecules. These MOF compounds have a robust framework with open and accessible 
pores. [41] 
- 3th generation MOFs display flexible and dynamic properties. 
- 4th generation MOFs can sustain post-processing, where different properties are 





Figure 1.4 Representation of the possible outcomes from the reaction of the MOFs primary 
building units (metal ions and linkers). Figure taken from reference 40. 
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All these structures demonstrate further possibilities to tailor the material toward 
specific applications. This can be accomplished not only by altering the synthesis procedure but 
also via post-synthetic modifications. A special interest is devoted to heteronuclear or mixed-
metal MOFs, where a certain fraction of the metal is substituted by another metal ion species 
often leading to unique functionality [49-53]. For such heteronuclear MOFs with two distinct 
metal ion species, the following important questions arise. What is the local structure at the 
incorporation site of the doping guest metal ion? Is the local structure at the doping site 
determined by the host framework, and are, consequently, the coordination geometries of the 
guest and host ion identical or does the incorporation of the guest ion alter significantly the 
local structure at the doping site? In the case of paramagnetic 3d TMI dopants, EPR 






Figure 1.5 Classification of the MOFs generations. The numbers indicate: 1-metal cluster sites, 
2-organic linkers and 3-vacant spaces (figure taken from reference 47). 
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2 
Electron Paramagnetic Resonance Spectroscopy  
 
This section contains a brief introduction to the EPR theory and describes the 
spectroscopic methods used for providing research presented in the current work.  
 
2.1 Basic Principles 
 
The basic principles of EPR are explained by the interaction of an unpaired electron in 
the external magnetic field 𝐵0. An unpaired electron possesses nonzero magnetic moment 
described by the operator ?̂?, which is proportional to the total angular momentum operator ?̂? [1, 
2]: 
                                                         ?̂? =  𝛾?̂?.                                                                       (1) 
The constant 𝛾 is the gyromagnetic ratio given by 𝛾 = −
ⅇ
2𝑚𝑒
𝑔𝐽, where e and me are charge and 
mass of an electron, taken as positive numbers. The quantity 𝑔𝐽 depends on the relative 
contribution of the orbital L and spin angular S momenta of the electron. When orbital and spin 
angular momenta are present, the value of 𝑔𝐽 depends on the nature of the coupling between 
them J = L + S and is described by the Lande g-factor given by 
                                      𝑔𝐽 =  
3𝐽 (𝐽+1)+𝑆(𝑆+1)−𝐿(𝐿+1)
2𝐽(𝐽+1)
.                                                     (2) 
For a free electron lacking the orbital angular momentum (L = 0), Eq. (2) leads to the g-factor 
exactly equal to 2. However apart from diamagnetic and relativistic corrections, important 
higher-order quantum electrodynamic corrections lead to the precise free electron g-factor of 
𝑔ⅇ = 2.002319 … . [3] 
The energy of the free electron magnetic moment in the external magnetic field 𝐵0 is 
then given by the Hamiltonian describing the so-called electron Zeeman interaction 
                                                         ?̂?𝐸𝑍 =  𝜇ⅇ𝑔ⅇ𝐵0?̂?𝑧,                                                     (3) 
where 𝜇ⅇ =  𝑒ℏ 2𝑚ⅇ⁄  is the Bohr magneton, ?̂?𝑧  is the z-component of the spin angular  
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momentum operator in the case of the external magnetic field directed along the z-axis. 
From Eq. (3) it follows that the eigenvalues for the spin operator ?̂?𝑧 give rise to two energy 




magnetic field 𝐵0 parallel to the z-direction causes their splitting by the energy difference 
                                                                ∆𝐸 =  𝛽ⅇ𝑔ⅇ𝐵0.                                                     (4) 
That way the basis of continuous wave (CW) EPR spectroscopy lies in the continuous 
irradiation of the paramagnetic samples with the constant frequency electromagnetic waves 
(ℎ𝑣) at the varied external magnetic field [2]. For a free electron, this experiment would lead to 
observation of the absorption of the electromagnetic radiation when the resonance condition is 
satisfied: ℎ𝑣 =  𝑔ⅇ𝛽ⅇ𝐵0. In this case, the absorption spectrum would contain only one line 
without structure, and the only piece of information that can be deduced thereof would be the 
g-factor. However, when the unpaired electron is being a part of an atom or a molecule, it will 
encounter a variety of interactions within the paramagnetic system that would lead to a much 
more complicated EPR spectrum. An important tool in the interpretation of such EPR 
experiments is the spin Hamiltonian.  
 
2.2 Spin Hamiltonian formalism 
 
As noticed by A. Abragam and B. Bleaney, in the solid state a paramagnetic ion is by 
no means “free”. [1] The real complexes form an extended lattice with diamagnetic ions. These 
charged diamagnetic ions have a strong interaction with the paramagnetic ions, producing the 
crystal and “ligand” field. Such interaction affects the energy splitting between Zeeman energy 
levels. In general, the description of the magnetic interactions between the electron spin S in an 
applied external magnetic field can be implemented by the general form of the EPR spin 
Hamiltonian [4, 5]: 
 
                                         ?̂? =  ?̂?𝐸𝑍 +  ?̂?𝑍𝐹𝑆 + ?̂?𝐻𝐹 +  ?̂?𝑁𝑍 + ?̂?𝑁𝑄.                                    (5) 
 - ?̂?𝐸𝑍 is the electron Zeeman interaction between the external magnetic field 𝐵0 and the 
magnetic dipole moment associated with the spin angular momentum S. 
- ?̂?𝑍𝐹𝑆 is the zero-field splitting arising from the interaction between two or more electron spins 
in spin system with the total electron spin S > 1/2. 
- ?̂?𝐻𝐹 is the hyperfine interaction between the coupled unpaired electron and the nuclear spins. 
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-  ?̂?𝑁𝑍 is the nuclear Zeeman interaction describing the coupling of a nuclear spin magnetic 
moment and the external magnetic field 𝐵0. 
-  ?̂?𝑁𝑄 is the nuclear quadrupole interaction arising only for nuclei with nuclear spin I >1/2. 
In general, the paramagnetic center in the magnetic field manifests a Zeeman system of 
energy levels, which leads to the splitting of the magnetic resonance line. In order to calculate 
the system of magnetic levels, which determines the EPR spectrum, it is necessary in a number 
of cases to consider a complex hierarchy of non-magnetic interactions of the electron, and only 
at the last stage to take into account the magnetic field as a small perturbation. The interactions 
between the paramagnetic centers and their surroundings can be conveniently divided into two 
types: the electrostatic interaction of the center with the nearest environment (as a rule, these 
are diamagnetic ions or molecules) and the magnetic and electrostatic (quadrupole) interaction 
with close nuclei. Interaction of the first type leads to the appearance of a fine structure of the 
EPR spectrum and deviation of g-factor from ge, and electron-nuclear interactions - to the 
appearance of hyperfine structure of the EPR spectrum.  
 
2.2.1 Electron Zeeman interaction 
 
When, for example, a 3d TMI is placed in a ligand environment, the 5-fold degeneracy 
of the d-orbitals characteristic for spherical symmetry is lifted. As a consequence, angular 
motion of the d electrons around a particular axis is no longer possible – or, in other words, the 
orbital angular momentum L is (at least, partially) quenched. As a result, the Zeeman interaction 
involves only the electron spin magnetic moment: 
                                                                     ?̂?𝐸𝑍 =
𝜇𝑒𝐵0𝒈?̂?
ℏ
,                                          (6) 
where 𝜇ⅇ is the Bohr magneton, ℏ is the reduced Planck’s constant, and ?̂? is the effective spin 
operator. In general, the g-factor of a paramagnetic center has to be expressed as a tensor, 𝒈, 
and considered to be different from the free-electron value, 𝑔ⅇ  2.00232. The reason is that the 
spin-orbit coupling generates second-order angular momentum in the ground state through 
admixture of excited states.  
The spin-orbit induced angular momentum manifests itself as a correction to the g-
tensor elements, 
                                                        𝑔𝑚𝑛 = 𝑔ⅇ𝛿𝑚𝑛 + 2𝜆Λ𝑚𝑛,                                    (7) 
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with the spin-orbit coupling constant 𝜆 and the symmetric second-rank tensor 𝜦.  The elements 
Λ𝑚𝑛 of the matrix 𝜦 are expressed by the second-order formula [1] 
                                                 Λ𝑚𝑛 = ∑
〈𝜑0|?̂?𝑚|𝜑𝑘〉〈𝜑𝑘|?̂?𝑚|𝜑0〉
𝐸0−𝐸𝑘
𝑘≠0 .                               (8) 
Above, the wave functions 𝜑0 and 𝜑𝑘 correspond to the ground state occupied with the 
unpaired electron and the k-th excited state, respectively. The energies of these states are E0 and 
Ek. The indices m and n represent the tensor axes (m,n = x,y,z), ?̂?𝑚 and ?̂?𝑛 are the space-
quantized components of the orbital angular momentum operator, and 𝛿𝑚𝑛 is the Kronecker 
delta. 
In the case of low-lying excited states, large deviation from the free electron value 
𝑔ⅇ can be expected. For example, the separation of the energy levels is large for organic free 
radicals because of covalent bonding and, as a result, the principal values of the g-tensor are 
close to the 𝑔ⅇ. In the case of transition metal ion complexes, where ionic bonding is dominating 
and crystal field effects lead to the splitting of levels, the energy levels are closer to each other, 
thus the deviation of the principal values of the g-tensor from 𝑔ⅇ might be significant. By 
summarizing this knowledge, it is made clear that the g-tensor can provide important 
information about the coordination, local geometry and origin of the studied paramagnetic 
center. [6, 7] The effect of the local symmetry on the principal values gxx, gyy, gzz of the g-tensor 
can be identified in three scenarios [8]: 
- Cubic symmetry corresponded to the three coordination environments: cubical, 
tetrahedral and ideal octahedral. In the case of cubic symmetry, the principal values of 
the g-tensor are the same: gxx = gyy = gzz. 
- Axial symmetry, caused, for example, by the three-fold rotational symmetry axis. The 
g-tensor is anisotropic and has two principal values equal, but differ by the third: gxx = 
gyy  = gꓕ ≠ gzz = g║. The parallel component g║ is directed along the symmetry axis. 
- Rhombic symmetry is the low-symmetry case with all principal values of the g-tensor 
being different:  gxx ≠  gyy ≠  gzz. 
For the powder and frozen solutions (polycrystalline samples) the principal values of 
the g-tensor might be obtained directly from the EPR spectra, but the orientation of the g-tensor 
with respect to the molecular frame can be received only from the single crystal EPR 
experiment. According to Eq. (3), if the external magnetic field 𝐵0 is parallel to the symmetry 
axis of an axially symmetric paramagnetic center, the resonance condition is 𝐵∥ =  
ℎ𝜐𝑚𝑤
𝜇𝑒𝑔∥
 , and  
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if 𝐵0 is perpendicular to the axis, it is 𝐵ꓕ =  
ℎ𝜐𝑚𝑤
𝜇𝑒𝑔ꓕ
. Thus, the resonance occurs at magnetic fields 
[8] 






.                                         (9) 
Here the angle between the external magnetic field and the 𝑔∥ principal axis of the axially 
symmetric g-tensor is defined by 𝛩. 
 
2.2.2 Hyperfine interaction 
 
Due to the magnetic interaction between the unpaired electron and surrounding nuclei 
with nuclear spin I > 0, the so-called hyperfine interaction (hfi) appears. It gives rise to the 
following contribution to the spin Hamiltonian [1, 2]: 
                                                                   ?̂?𝐻𝐹 = ?̂?𝑨𝐼,                                             (10) 
where A is the hf coupling tensor. Further decomposition of the A-tensor into the isotropic 
Fermi contact interaction 𝐴𝑖𝑠𝑜 and anisotropic hfi tensor T can be described as 
                                                                 𝑨 =  𝟏𝐴𝑖𝑠𝑜 + 𝑻,                                   (11) 
with the identity matrix 1. The scalar 𝐴𝑖𝑠𝑜 gives the information about the electron spin density 
at the nucleus [9] and determination of the value gives the information about the shape and 
bonding of the electron orbitals. [9, 10]. 
The anisotropic contribution to the A-tensor involves the magnetic dipole interaction 
between the electron and nuclear magnetic moments described by the traceless tensor T. In case 
of axially symmetric anisotropic hf coupling tensor (Txx = Tyy = Tꓕ), the dipolar contribution can 
be expressed within the point-dipole approximation as [11]: 





,                                       (12) 
where 𝜇0 is the permeability of vacuum, 𝜇𝑛 is the nuclear magneton, 𝑔𝑛 is the nuclear g-factor. 
The parameter r describes the distance between the interacting electron and nucleus. 
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2.2.3 Zero-field splitting 
 
Systems with a total electron spin S > ½ and non-cubic symmetry exhibit a splitting of 
their ms energy levels at zero magnetic field called zero-field splitting (zfs). The cause of this 
splitting is the electron-electron dipole-dipole interaction and the spin–orbit coupling. The spin 
Hamiltonian describing the zfs is 
                                                             ?̂?𝑍𝐹𝑆 = ?̂?𝑫?̂?,                                                             (13) 
where D is a symmetric traceless tensor. In the principal axes frame of D, the spin Hamiltonian 
can be written as  
                                                ?̂?𝑍𝐹𝑆 =  𝐷𝑥𝑥?̂?𝑥
2 + 𝐷𝑦𝑦?̂?𝑦
2 +  𝐷𝑧𝑧?̂?𝑧
2,                                      (14) 
where Dxx, Dyy, Dzz are the principle values of D. 
Consequently, two scalar zfs parameters D = 3Dzz/2 and E = (Dxx - Dyy)/2 completely 
describe the traceless D-tensor. For axial symmetry, D ≠ 0 and E = 0. In contrast, for ideal cubic 
symmetry D = E = 0. In the case of lower symmetry D ≠ E ≠ 0. [1, 2, 10] Thus, the zfs spin 
Hamiltonian can be written as: 




𝑆(𝑆 + 1)] + 𝐸(?̂?𝑥
2 − ?̂?𝑦
2).                         (15) 
For example, the spin system with the total electron spin S = 1 can exhibit three ms energy levels 
degenerated at 𝐵0 = 0. In the case of axial symmetric D-tensor, the degeneracy between ms = 0 
and ms = ±1 is lifted. For S ≥ 3/2 high order zfs terms are present and need to be taken into 
account. [1] 
 
2.2.4. Fitting and calculation of the spin Hamiltonian parameters 
 
The advantage of an effective spin Hamiltonian formalism is that it allows the use of a 
relatively small number of parameters to describe very complex interactions within a 
paramagnetic system. By numerically diagonalizing the matrix of the spin Hamiltonian, one 
can simulate the EPR spectrum, compare it with experiment, and, finally, adjust the spin  
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Hamiltonian parameters [12]. In particular, fitting of the traditional continuous wave  (CW) 
EPR spectrum of a powder or liquid sample can provide information on the elements (i.e., the 
principal values) of the g-factor, hfi and - for high-spin systems - zfs. Moreover, precise single-
crystal measurements and modern pulsed EPR methods often give not only the principal values 
of magnetic tensors, but also unique information about their orientation in a crystalline (or 
molecular) coordinate system. Obviously, the more information is hidden in the experimental 
data, the more difficult its interpretation. In such cases, the analysis of the EPR results can be 
supported by numerical calculations based on quantum mechanics. 
Nowadays, the density functional theory (DFT) and related theoretical approaches can 
help to unravel the electronic structure of both molecular systems [13] and solid-state materials 
[14]. The molecular Hamiltonian operator behind the electronic structure calculations is 
deceptively basic. Disregarding the nuclear-nuclear repulsion term and dropping the kinetic 
energy of the nuclei according to the Born-Oppenheimer approximation, it simply contains the 
kinetic energies of electrons and the Coulombic electron-electron and electron-nuclear 
interactions. Technical details of the theoretical approaches used for solving the corresponding 
many-electron problem are described elsewhere [15]. As a result, such calculations provide, for 
example, an accurate electron density of a paramagnetic system, which can be numerically 
integrated to obtain estimates of the hfi and zfs tensors. Furthermore, they allow quantifying 
the response of a quantum system to an external magnetic field introduced as a perturbation to 
the molecular Hamiltonian, as well as involving the second-order effects of spin-orbit coupling. 
This provides the prerequisites for calculating the g-factor and second-order terms in other EPR 
parameters. Finally, in critical cases, such as certain systems containing TMI and lanthanides, 
the DFT can be supplemented by precise (but computationally demanding) wave function based 
approaches. 
However, the relationship between the EPR spectrum and the results of first-principles 
calculations is not direct. Clearly, the Hamiltonian operators introduced to describe the 
experimental EPR data and theoretical calculations are, at first glance, quite different. Within 
the spin Hamiltonian framework, the interaction of unpaired electrons with the magnetic field 
and surrounding spins is conveniently described by a relatively small number of parameters. 
On the other hand, the starting point for the first-principles calculations of the related system is 
essentially the quantum theory of an atom, molecule, or crystal in magnetic fields of different 
origins, that is, an external field, and the field created by the magnetic moment of a nucleus  
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[15]. Therefore, in order to calculate the EPR parameters, it is necessary to follow two different 
descriptions of the Hamiltonian: using true quantum-mechanical Hamiltonians to quantify the 
physical effects underlying magnetic resonance, and then parametrizing the outcome of the 
simulations within the effective spin Hamiltonian framework to accurately report the results. 
Over the past 40 years, the development of computational approaches for EPR 
spectroscopy has followed these general ideas. Eventually, the calculation of spin Hamiltonian 
parameters from the first principles has become an invaluable research tool that can 
complement and guide the interpretation of the results obtained using both conventional CW 
and modern pulse EPR methods. [15] 
 
2.3 Pulse EPR spectroscopy 
 
During the pulse EPR experiments electron spins are exited using a series of short 
microwave pulses (≈ 10-100 ns pulse length) [16]. The pulse EPR techniques, like ESEEM and 
ENDOR spectroscopy, allows to obtain information about interactions between the unpaired 
electrons and ligand nuclei due to the hyperfine, quadrupole and nuclear Zeeman interactions.  
For the electron spin system with S = ½ and a coupled nuclear spin of a ligand nuclei I 
= ½ the spin Hamiltonian is given by [5] 
                                         ?̂? =  𝜔𝑆?̂?𝑧 −  𝜔𝐼𝐼𝑧 + 𝐴?̂?𝑧𝐼𝑧 +  𝐵?̂?𝑧𝐼𝑥 ,                                    (16) 
where 𝜔𝑆 and 𝜔𝐼 are the electron and nuclear Larmor frequencies, respectively. The parameters 
A and B can be described in a simple point-dipole approximation for an isotropic g-tensor like 
[17–19] 
                                            𝐴 = 2𝜋𝑇⊥(3𝑐𝑜𝑠
2𝜃 − 1) +  2𝜋𝐴𝑖𝑠𝑜                                      (17) 
and   
                                                   𝐵 = 6𝜋𝑇⊥𝑐𝑜𝑠 𝜃 sin 𝜃,                                               (18) 
where the angle 𝜃 is the angle between the external magnetic field and a vector linking the 
unpaired electron and ligand nucleus. The corresponding ENDOR or ESEEM spectra contain 
information about two nuclear transition frequencies in the two electron spin manifolds ms = ½ 
and ms = - ½  
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,                                            (19) 
 
providing information about isotropic hf interaction with ligand nuclear spin I and about the 
distances between electron spin of the paramagnetic ion and the ligand nucleus via the 
anisotropic hyperfine interaction. 
The pulse EPR techniques used in this thesis will be briefly introduced below.  
 
2.3.1 Two pulse field sweep electron spin echo (2-pulse FS ESE) 
 
The primary spin-echo experiment was described at the first time by Hahn [20, 21]. The 
simple sequence to produce an electron spin echo (ESE)  π/2 – τ – π – τ – echo is called the 
Hahn echo (Figure 2.1). With the first selective or non-selective microwave π/2-pulse, the 
magnetization is switched into the xy-plane. The individual spin packets distribute during the 
free evolution time within the xy-plane. After the time τ, the spin packets are refocused by a π-
pulse to produce the spin echo in -y-direction at the time τ.  
 
In the 2-pulse FS ESE experiment, the spin echo intensity is recorded while the applied 
external magnetic field is swept. This type of pulse EPR spectrum is similar to the integrated 
CW EPR spectrum, but more sensitive to broad lines and very helpful in separating the 
contribution of different paramagnetic species characterized by different phase memory times. 
 
Figure 2.1 Pulse sequence of the 2-pulse ESE experiment. 
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2.3.2 Electron spin echo envelope modulation (ESEEM) 
 
The Hahn echo intensity can be modulated by the nuclear transition frequencies and 
their combinations, as the time interval τ between the pulses is inserted. Observation period in 
Hahn echo is limited by phase memory time TM. This phenomenon was named electron spin 
echo envelope modulation (ESEEM). The 3-pulse ESEEM experiment is based on the pulse 
sequence π/2 – τ - π/2 – t1 – π/2 – τ – echo (Figure 2.2). 
 
In the 3-pulse ESEEM sequence with the first π/2-pulse generates the electron 
coherence. After time τ, the second π/2-pulse transfers the electron coherence to the nuclear 
coherence with further evolvement with the frequencies 𝜔𝛼 and 𝜔𝛽 during the time period t1, 
which must be varied. The third π/2-pulse transfers the nuclear coherence back to the electron 
coherence, which refocused in the time period τ. The resulting echo called stimulated echo [5, 
22]. In the 3-pulse ESEEM the electron spin echo amplitude is modulated by the two nuclear 
transition frequencies 𝜔𝛼,𝛽 as the pulse delay t1 is incremented.  
 
2.3.3 Hyperfine sublevel correlation spectroscopy (HYSCORE) 
 
One of the most powerful pulse EPR methods based on the ESEEM techniques is the 
hyperfine sublevel correlation (HYSCORE) experiment. [23] The HYSCORE is based on the 
pulse sequence π/2 – τ - π/2 – t1 – π – t2 - π/2 – τ – echo (Figure 2. 3). In other words, this is 
the three-pulse experiment with an additional π-pulse which transfers the population from one 
ms spin manifold to the other while correlating the nuclear coherences in the both manifolds. 
The time delays t1 and t2 are varied independently, which leads to correlated nuclear transition  
Figure 2.2 Pulse sequence of the 3-pulse ESEEM experiment. 
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frequencies associated with different ms manifolds. [5, 23] The modulated time decay data is 
Fourier transformed in two dimensions to provide two-dimensional (2D) frequency-domain 
spectrum. As the nuclear frequencies from the different ms manifolds are correlated they appear 
as cross-peaks at the frequencies (ν1, ν2), (ν2, ν1), and (ν1, -ν2), (ν2, -ν1), in the (+, +) and (+, -) 
quadrants of the 2D HYSCORE spectrum (Figure 2.4). As strong cross peaks can only be 
observed between nuclear magnetic resonance frequencies of the same nucleus, HYSCORE 
spectra can be significantly simplified compared to the 3 pulse ESEEM. [5, 24] Schematic 
representation of a HYSCORE spectrum of an S = 1/2, I = 1/2 system shown on the Figure 2.4. 
In the present case the frequencies from the weakly-coupled nuclei (|𝑎𝑖𝑠𝑜| < 2|𝑣𝐿|) appear as 
cross-peaks in the (+, +) quadrant, whereas strongly-coupled nuclei (|𝑎𝑖𝑠𝑜| > 2|𝑣𝐿|) are 
observed in the quadrant (+, - ). [24, 25] In the HYSCORE experiments the τ value always 
needed to avoid the spectral regions with decreased HYSCORE sensitivity is so called “blind 
spots”, that appear around aiso = n/τ. [5] 
 
Figure 2.4 The schematically represented HYSCORE spectrum with the cross peaks from 
weakly coupled nuclei in the (+, +) quadrant (labeled by the full squares) and cross peaks with 
strongly coupled nuclei in the (-, +) (labeled by the full circles). Picture taken from the reference 
25. 
Figure 2.3 Pulse sequence of the HYSCORE experiment.   
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2.3.4 Pulsed electron-nuclear double resonance (ENDOR) spectroscopy 
 
Electron-nuclear double resonance (ENDOR) spectroscopy is another powerful 
approach for investigating hyperfine interactions. In the case of the ENDOR experiment, the  
microwave and radio frequency pulses (rf) are applied for manipulating the population of the 
energy levels in the coupled system of electron and nuclear spins. Two common main pulsed 
ENDOR sequences have been developed by Mims [26] and Davies [27].  
The Mims ENDOR pulse sequence used in the present work is based on the stimulated 
echo sequence, with three microwave π/2-pulses (Figure 2.5). The electron echo intensity is 
affected by the nuclear transitions induced by the rf  pulse. 
 
 
The Mims ENDOR can be explained as a partial defocusing of the ESE. A rf π-pulse 
in resonance with frequencies 𝜔𝛼 or 𝜔𝛽  changes the z-projections of nuclear spin, which in 
turn changes the frequency of the electron spin Larmor precession. Thus, the frequency of 
this precession during the first and the second τ period differs. At the moment of the echo 
formation, the precessing magnetization acquires the additional phase Δϕ = aisoτ, so the echo 
intensity is proportional to Sy = cos (aisoτ). No ENDOR effect is observed when aisoτ = 2πn, 
where n is an integer number. Therefore, for the given τ value “blindspots,” or regions with 
severely decreased ENDOR sensitivity appear in the Mims ENDOR spectrum 
around aiso = 2πn/τ. [28]. In the experiment stimulated echo intensity is recorded in 
dependence on radio frequency of π-mixing pulse and spectrum of nuclear transition 
frequency is recorded in that way. 
 
Figure 2.5 Pulse sequence of the Mims ENDOR experiment with short, non-selective 
microwave pulses. 
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‘’ To see the world for a moment as something rich and strange is the private reward of many 
a discovery. But I am afraid it has little bearing on the sober question we must, as physicists, 
ask ourselves: What can we learn from all this about the structure of matter? It is my privilege 
to tell you now of some of the things that can be learned.  
    Let us begin…’’ 
 
EDWARD M. PURCELL 
Research in nuclear magnetism 






The results obtained during the dissertation period will be presented below in the form of 
papers. The papers are grouped by types of materials under study. 
 






A complex study of 3∞[Cd0.98Cu0.02(prz-trz-ia)] and 
3
∞[Cu(prz-trz-ia)] MOFs by CW EPR, DFT and SQUID 
 
This chapter includes two articles presenting a study of 3∞[Cd0.98Cu0.02(prz-trz-ia)] and 
3
∞[Cu(prz-trz-ia)] MOF. These materials are based on triazole nitrogen-containing heterocycles 
used as linkers. The specific geometry of the triazole linkers allows for formation of 
isomorphous frameworks accessible for introducing various metal ions and using mixed-metal 
(heteronuclear) compositions. These MOF materials exhibit potentially useful feature: the 
combination of metals with different ionic radii, coordination behaviour, and functional 
properties, such as sorption and catalytic activity. It is clear that the successful implementation 
of these MOF materials requires detailed information about the distribution, local coordination 
and interplay of the metal ions in the framework. 
Paper I: “A combined continuous wave electron paramagnetic resonance and DFT calculations of 
copper-doped 3∞[Cd0.98Cu0.02(prz-trz-ia)] metal–organic framework” 
In the first article, the heteronuclear MOF 3∞[Cd0.98Cu0.02(prz-trz-ia)] with catalytically active 
Cu2+ 3d transition metal ions was studied by powder and single crystal CW EPR. This allowed 
for determination of the full g and ACu tensors including the orientation of their principal axes. 
With support of DFT calculations, this experimental study provides full information the about 
electronic and binding properties of the Cu2+ ions in this MOF compound.  
Paper II: “Multifrequency EPR, SQUID, and DFT Study of Cupric Ions and Their Magnetic 
Coupling in the Metal–Organic Framework Compound ∞
3[Cu(prz–trz–ia)]” 
The second paper describes the magnetic properties of the Cu2+ ions and their magnetic interactions 
in the MOF compound ∞
3[Cu(prz–trz–ia)].  Such materials feature high potential for future use 
in the field of molecular magnets, magnetic sensors, and magnetic biomedicine. The application 
of such MOFs requires fundamental understanding of their magnetic properties and the 
involved magnetic coupling phenomena between the metal ions within the framework. Here, 
multifrequency EPR spectroscopy at 9 GHz, 34 GHz and 320 GHz, DFT calculations and 
(superconducting quantum interference device) SQUID measurements provided unique insight 
into the magnetic properties of triazole-bound Cu2+ - Cu2+ ion pairs.  
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A combined continuous wave electron
paramagnetic resonance and DFT calculations of
copper-doped 3N[Cd0.98Cu0.02(prz-trz-ia)]
metal–organic framework†
Anastasia Kultaeva, a Timur Biktagirov,b Jens Bergmann,c Linda Hensel,a
Harald Krautscheidc and Andreas Pöppl*a
Continuous wave X-band electron paramagnetic resonance (EPR) and density functional theory (DFT)
were successfully applied to explore the incorporation and coordination state of the Cu2+ ions in the
3
N[Cd0.98Cu0.02(prz-trz-ia)] porous metal–organic frameworks. EPR measurements on powder samples
and single crystals provided the full electron Zeeman g and copper hyperfine ACu interaction tensors
including the orientation of their principal axes frames. DFT computations allowed for a detailed inter-
pretation of the experimental results in terms of coordination symmetry and binding properties of the
paramagnetic Cu2+ ions. Cupric ions were found to substitute Cd2+ ions in the dinuclear Cd–Cd units
where they experience a noticeably distorted elongated pyramidal coordination environment formed by
three nitrogen and two oxygen atoms from three linker molecules.
1 Introduction
Since the beginning of this century the interest in metal–
organic frameworks (MOFs) compounds has been constantly
growing.1,2 MOFs also known as porous coordination polymers
(PCP’s) are crystalline porous materials that contain metal ions
or metal ion clusters connected by organic linker molecules.3
Such a porous architecture allows the use of MOFs for potential
application in gas storage, chemical separation, catalysis, and
sensing.4–6 Nowadays, different types of combinations of
organic linkers and metal ions are possible for the synthesis
of taylor-made materials. The majority of MOF structures are
based on pure carboxylate ligands used as linkers which in
many cases provide a well-defined and highly symmetric oxygen
coordination environment for the metal ions. A famous example
are the dinuclear metal ion paddlewheel units serving as a very
common structural motif in MOFs.6 Recently, another group of
ligands, nitrogen-containing heterocycles modified by carboxylate
groups have been successfully employed in MOF synthesis.7–11
Such linkers feature a rich coordination chemistry for MOF
synthesis but result in low symmetric metal ion coordination
sites in the porous networks. Otherwise special interest is devoted
to heteronuclear or mixed-metal MOFs. Such compounds may
feature an enhanced selective sorption capacity or catalytic
activity.11–16 Here, heteronuclear MOF materials with catalytically
active 3d transition metal ions appear of particular interest. For
such heteronuclear MOFs with two distinct metal ion species in
particular for those made of transition metal ions, an important
question arises. What is the local structure at the incorporation
site of the doping guest transition metal ion? Is the local structure
at the doping site determined by the host framework and are
consequently the coordination geometries of the guest and host
ion identical or does the incorporation of the guest ion alter
significantly the local structure at the doping site? In case of
paramagnetic dopants electron paramagnetic resonance (EPR)
spectroscopy as a local probe is a powerful tool to address this
question. One example of such a special group of porous
materials featuring both nitrogen-containing heterocycles as
ligands and in particular the potential to incorporate various
metal ions are the recently synthesized isostructural triazolyl
isophtalate based MOFs 3N[M(prz-trz-ia)], where (M = Cu
2+,
Co2+, Zn2+, Cd2+), (prz = pyrazinyle, trz = triazolyl, ia =
isophthalicacid).7,17 These MOF can be synthesized as homo-
nuclear metal ion systems or in their mixed metal form as
porous materials. 3N[M(prz-trz-ia)] crystallizes in the centrosym-
metric monoclinic space group P21/n (No. 14) with four formula
units per unit cell and its structure is depicted in Fig. 1.7 The
common structural motif of the framework is a centrosym-
metric dinuclear metal ion unit, which is binding six ligands
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where each linker is connecting three sites. The two metal ions
in the dinuclear unit are connected by the triazole ring and
each ion is coordinated to three nitrogen and two or three
oxygen ligand atoms in a low symmetric coordination geometry
depending on the respective metal ion. For instance, in the
pure copper MOF 3N[Cu(prz-trz-ia)] the cupric ion binds two
nitrogen atoms from a triazole ring (N2a) and a six-membered
heterocycle (N4) with bond lengths of 198.9 pm and 206.9 pm
and two oxygen atoms (O2b, O3c) from carboxylate groups with
bond lengths of 194.8 pm and 207.3 pm (ESI,† Fig. S1).7 These
four ligand atoms form an equatorial bond plane in an either
noticeably distorted pyramidal or octahedral coordination. A
third nitrogen atom (N3) from the second triazole ring binds as
an axial ligand with a slightly larger bond length of 221.4 pm.
The third oxygen atom (O4c) is only found at a significantly
larger distance (279.8 pm) from the copper ion as a presumably
sixth ligand in case of an octahedral six-fold coordination. For
the pure Cd MOF 3N[Cd(prz-trz-ia)] the differences in the bond
length among these six ligand atoms are smaller and all are
found between 222.7 pm and 261.2 pm.
Whereas the structural and adsorption properties of the
homonuclear 3N[M(prz-trz-ia)] materials are well studied
7
detailed information about the electronic and magnetic proper-
ties of the metal ions with their noticeably distorted coordina-
tion symmetry are not yet available. In case of paramagnetic
ions such as Cu2+ and Co2+ information on the local structure at
the metal ion sites can be accessed from a measurement of the
magnetic interaction tensors by EPR spectroscopy. However, for
the 3N[Cu(prz-trz-ia)] framework the Cu
2+–Cu2+ metal ion dis-
tance in the centrosymmetric dinuclear ion unit is about
0.41 nm.7 Thus, substantial magnetic dipolar and exchange
interactions between the two paramagnetic ions are expected
for such short metal ion distances, which may severely obstruct
the determination of the electron Zeeman tensor g and copper
hyperfine (hf) interaction tensors ACu. Fortunately, magnetically
diluted MOFs can be obtained by substituting a small portion
of diamagnetic Cd2+ ions in a 3N[Cd(prz-trz-ia)] framework by
cupric ions. Here we present powder and single crystal EPR
studies of the 3N[Cd0.98Cu0.02(prz-trz-ia)] mixed-metal MOF,
which allows us to determine the full g and ACu tensors
including the orientation of their principal axes system. In
particular, information about the orientation of the magnetic
tensors with respect to the coordination geometry of the cupric
ions is of specific interest for such low symmetric coordination
environments of the metal ion. Together with quantum
chemical computations based on density functional theory
(DFT) these experiments allow for a detailed characterization
of the magnetic as well as electronic and binding properties of
the Cu2+ ions in this MOF compound.
2 Experimental and computation
details
Synthesis
Single crystals of the Cu2+ doped compound (in the following
text asCu0.02Cd) were prepared via solvothermal synthesis
whereas powder samples were prepared by heating a mixture
of copper and cadmium nitrate with protonated ligand in
water/acetonitrile (1 : 1; v : v). An initial copper concentration
of 2% was used in the synthesis process. Later a doping
concentration of 1% was verified by inductively coupled plasma
atomic emission spectroscopy (ICP-AES) for both single crystal
and powder materials. A detailed description of the synthesis as
well as crystal structure data are given by Bergmann et al.7 The
obtained single crystals of as synthesized asCu0.02Cd have
approximately prismatic shape with edge lengths of about
3 mm, 2 mm, and 1 mm along the crystallographic c*, b, and
a directions. The crystal axes assignment was performed by
determining the orientation matrix of the crystal on a single
crystal diffractometer STOE IPDS-2T.18 For single crystal EPR
measurements the crystals were glued on a PTFE plate. The plate
could be mounted on a quartz glass sample rod in different
orientations to allow for rotation of the crystals about three
orthogonal axes a, b, and c*. Powder samples of asCu0.02Cd were
measured in sealed EPR quartz glass sample tubes.
Spectroscopic measurements
X-band CW EPR measurements were performed on an X-band
BRUKER EMX micro spectrometer with a BRUKER ER 4119HS
cylindrical cavity resonator equipped with a goniometer. For
the low temperature measurements an Oxford Instruments
helium cryostat ESR 900 has been used. Complete angular
dependent measurements on single crystals in three different
Fig. 1 Ball-and-stick presentation of the structure of 3N[Cd0.98Cu0.02(prz-
trz-ia)]; space group P21/n, a = 9.977(7) Å, b = 18.289(1) Å, c = 12.0082(9) Å,
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rotational planes were only feasible at room temperature as the
large crystals disintegrate to a polycrystalline material upon
cooling and subsequent warming up in the cryostat. The
spectra were recorded with 2 mW microwave power, modulation
amplitude 0.5 mT, and modulation frequency 100 kHz. Simula-
tions of the EPR spectra were carried out using the EasySpin
program.19
Computation details
The structure of the pure cadmium containing MOF 3N[Cd(prz-trz-ia)]
was derived from single crystal XRD measurements on hydrated
MOF materials. However, even though the adsorbed water can be
expected to affect the local coordination of the metal ions and
thereby the spectroscopic parameters, the solvent molecules were
not included throughout the following quantum chemical
analysis. Here, the key assumption is that in the observed
EPR spectra the potential effect of the solvent would be averaged
out over an infinite number of possible arrangements of the
water molecules in the pores.
Subsequently, the geometries of bare MOFs were optimized
in the Quantum ESPRESSO plane-wave DFT package20 using a
plane wave cutoff for the wave functions of 60 Ry and GBRV
ultrasoft pseudopotentials.21 Regarding the choice of the
exchange–correlation functional, there is still no benchmark
computational scheme to treat MOFs.21,22 The main difficulties
arise from the possible failure of DFT to describe localized d
electrons of transition metal ions and van der Waals dispersive
interactions. Therefore, in this work a conventional Perdew–
Burke–Ernzerhof (PBE) version of the generalized gradient
approximation23 was complemented by Grimme’s D2 dispersion
correction (PBE-D2)24 and an on-site Coulomb interaction term
referred to as Hubbard U correction (PBE+U and PBE-D2+U).25–27
Following ref. 22, a Hubbard U correction was applied to the
Cu2+ d electrons and the UCu parameter was set to the empirically
based value of 4 eV, whereby to reproduce the experimental
oxidation energy of the corresponding metal monoxide. In
addition, the values of U were also calculated via a linear
response approach,28 which led to UCu = 10.5 eV for the copper
d electrons and UN = 8.6 eV for the nitrogen p electrons.
For the structures studied in this work, all the methods
(PBE, PBE-D2, PBE+U, and PBE-D2+U) were found to give
reasonable agreement with the crystallographic data for 100%
Cu2+ and Cd2+ MOFs 3N[Cu(prz-trz-ia)] and
3
N[Cd(prz-trz-ia)]
(Table S1, ESI†). To further simulate the spectroscopic proper-
ties of an isolated Cu2+ center, a single substitutional copper
atom was incorporated into the relaxed structure of the pure
cadmium containing 3N[Cd(prz-trz-ia)] and an additional cycle
of geometry optimization was performed. The 2  1  1
supercell (272 atoms) was found to be sufficiently large to avoid
spurious structural distortions due to periodic boundary condi-
tions. The effect of the increased supercell size (up to 544 atoms)
was also considered, though turned out to be insignificant. The
further assessment of EPR parameters was based on atomic-
centered basis sets and performed in the Orca program package29
for molecular clusters cut from the optimized supercells. The
reason of switching to a different approach is that the calculation
of hf interaction parameters and g tensors for transition metal
ions within the plane-wave pseudopotential method is still not
thoroughly tested. The calculations performed in this work were
based on a conventional and well-established scheme with a
B3LYP exchange–correlation functional, an atomic-centered
CP(PPP)30 basis set for copper, EPR-II31 for nitrogen and
TZVP32 for all other atoms.33 According to the data provided in
ref. 34, this computational scheme is expected to give somewhat
overestimated results for copper hf constants, though it was still
adopted here because of its generally predictable and adequate
performance.
3 Results
EPR of asCu0.02Cd powder samples
Experimental X-band CW EPR spectra of an asCu0.02Cd powder
sample were measured at 20 K and are shown in Fig. 2 and 3.
The main component in the spectra is due to a typical powder
pattern of an isolated Cu2+ monomer species with electron spin
S = 1/2, presumably from a paramagnetic dinuclear Cu2+–Cd2+
metal ion unit. The hf splitting in the gzz spectral region
(magnetic field range from 260 mT to 310 mT) of the Cu2+
EPR powder pattern results from the magnetic interaction
between the unpaired electron spins of the cupric ions and
the nuclei of 63Cu and 65Cu isotopes both having an nuclear
spin ICu = 3/2. We have to note that the Cu hf splitting is also
well resolved at temperatures as high as 297 K (see Fig. S2,
ESI†). Further hf splitting features are becoming visible in the
second derivative of the gzz part of the Cu
2+ EPR spectrum as
illustrated in Fig. 3c. Each copper hf line exhibits a characteristic
splitting into five superhyperfine (shf) signals with an approx-
imate intensity ratio of 1 : 2 : 3 : 2 : 1 indicating an shf interaction
with two equivalent 14N nuclei with nuclear spin IN = 1. Spectral
simulations of the Cu2+ EPR powder pattern have been employed
Fig. 2 X-Band EPR spectra of an asCu0.02Cd powder recorded at 20 K:
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using the spin Hamiltonian operator






in order to determine the principal values of the electron
g-tensor, and the copper hf and nitrogen shf tensors ACu and
ANi . Here, be is Bohr’s magneton and B0 the static magnetic field
vector.
In the simulation procedure both copper isotopes 63Cu and
65Cu have been taken into account. The simulation results are
also displayed in Fig. 2 and 3. Axially symmetric and coaxial g
and ACu tensors with principal values gzz = 2.33(1), gxx,yy = 2.07(1),
ACuxx,yy = 83(2) MHz, and A
Cu
zz = 423(2) MHz have been found within
the experimental accuracy.
The second derivatives of the simulated spectra revealed
indeed a shf interaction with two 14N nuclei having isotropic
shf tensors with similar isotropic shf coupling parameters,
ANiso,1 = 41(3) MHz and A
N
iso,2 = 32(3) MHz, giving rise to the
observed 1 : 2 : 3 : 2 : 1 intensity pattern of the shf signals in the
gzz spectral region as illustrated in Fig. 3d.
We have to note that besides the monomer Cu2+ EPR signal
a minor (Cu2+)2-pair species with S = 1 is observed in the EPR
spectra of the asCu0.02Cd with a copper content as low as 2%.
A careful comparison of the simulated and experimental EPR
spectrum in Fig. 2 reveals some discrepancies between the two
traces in the g> spectral region (320–335 mT) indicating the
presence of this second minor species. This phenomenon is
even more evident by the appearance of a weak half field signal
in the X-band spectra and of an additional signal at a magnetic
field of about 1150 mT in the Q-band spectra of asCu0.02Cd
(Fig. S3, ESI†). We tendentially assign this S = 1 signal to two
magnetically coupled cupric ions from a dinuclear Cu2+–Cu2+
metal ion unit. As this S = 1 species has a negligible effect on
the X-band EPR signal of the dimer Cu2+ species we will discuss
it elsewhere in a future publication.
EPR of asCu0.02Cd single crystals
Whereas the principal values of the magnetic interaction
tensors can be deduced from EPR powder spectra experiments
on single crystals are indispensable to evaluate the orientation
of the principal axes frame of the tensors with respect to the
crystal structure. Therefore, EPR angular dependencies of an
asCu0.02Cd single crystal were recorded by rotating the crystal
in three orthogonal planes with respect to B0. The rotation axis
was chosen to be preferably aligned parallel to the crystallo-
graphic axes a and b of the monoclinic cell and to an axis c*
which is oriented perpendicular to both axes a and b. It is
necessary to take into account that the crystal faces were not
perfectly formed and, thus, the crystal could not be ideally
aligned with the PTFE plate leading to a systematic error
jerror = 51 in the evaluation of the EPR angular dependencies.
EPR spectra in each rotational plane were recorded from
j0 = 151 to 2101 in steps of Dj = 51. Fig. 4 displays selected
examples of Cu2+ EPR spectra measured at room temperature
in the three distinct rotational planes together with complete
angular dependencies of the determined resonance field
positions. The resonance fields vary from B = 265 mT, which
corresponds to the parallel gzz part of the EPR powder
spectrum, to B = 330 mT related to the perpendicular gxx,yy part
of the corresponding powder pattern. A nicely resolved single
set of four copper hf lines is observed for orientations of B0
along the crystallographic c* axis whereas more than four lines
or just a broad spectral line arising from a superposition of
many spectral components are recorded for arbitrary orienta-
tions of B0. In particular, the rotation of B0 in the ac* plane
reveals a 2-fold symmetry of the rotation patterns and the
presence of two magnetically inequivalent sites A and B of the
mononuclear Cu2+ species. It is interesting to note that the
cupric ion spectra of both sites reach their largest hf splitting if
B0 is parallel to the ac* plane but with an angle separation of
1201 or 601, respectively. In the following analysis of these
angular dependencies we used the principal values of the
tensors g and ACu as obtained from the EPR experiments on
asCu0.02Cd powder samples. The resonance field positions for
the three angular dependencies were fitted using the spin
Hamiltonian in eqn (1) without the shf term.
The fit yields the direction cosines of the principal axes of
the tensors g and ACu of the two magnetically inequivalent
cupric ion sites with respect to the abc* crystal coordinate
frame. The solid coloured lines in Fig. 4 illustrate the best fits
for sets of resonance field positions of the two Cu2+ species. The
analysis indicates that the principal axes frame of the g and ACu
tensors are coaxial within an error margin of 51.
Low temperature EPR measurements on asCu0.02Cd single
crystals at 20 K with B0 parallel to the bc* plane were performed
to check for a possible anisotropy of the 14N shf coupling
(Fig. 5).
Unfortunately, the 14N shf spitting could only be observed
for the canonical orientations with B0 oriented closely to the
Fig. 3 X-Band EPR spectra of an asCu0.02Cd powder recorded at 20 K
showing the g8 spectral region with resolved
14N shf splitting: (a and c)
experimental and corresponding (b and d) simulated first and second
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principal axes of the Cu2+ g and ACu tensors, presumably due to
angular dependent line broadening effects on the Cu2+ hf lines
for noncanonical intermediate orientations of B0. Therefore, a
precise determination of the principal values together with the
Euler angles of the 14N shf coupling tensors AN1,2 was not
feasible. However, a rough estimate of the principal values of
AN1,2 could be accessed from simulations of the single crystal
spectrum in the bc* plane (+(B0, b) = 451) with resolved
14N shf
Fig. 5 X-Band single crystal EPR spectra of a asCu0.02Cd single crystal
recorded at 20 K for a rotation of B0 in the bc* plane.
Fig. 4 Selected X-band single crystal EPR spectra of a asCu0.02Cd single crystal recorded at 293 K and angular dependent resonance fields positions of
the two Cu2+ species A (blue lines) and B (red lines) measured for a rotation of B0 in the ab, ac* and bc* plane. The dark blue and red solid lines show the
simulated angular dependencies for A and B (for simulation parameters see Table 1). An asterisk indicates a line that appears due to non ideal positioning
of the crystal on the plate.
Fig. 6 X-Band EPR spectrum of an asCu0.02Cd crystal at 20 K for B0 within
the bc* plane and +(B0, b) = 451: (a) experimental and separately
simulated spectra for both copper species (b) A and (c) B together with
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splitting (Fig. 6). The simulations were performed using the
spin Hamiltonian as given in eqn (1) by taking into account
both Cu2+ species A and B with their experimentally derived
Cu2+ spin Hamiltonian parameters (Table 1). In the simulations
the low field Cu hf line at 270 mT in the selected single crystal
EPR spectrum was of particular interest to derive a rough
estimate of the 14N shf couplings. In addition to the five line
shf pattern already observed in the powder spectrum (Fig. 3)
additional weak signal features appear at the low and high field
wings of this Cu hf signal. The latter shf lines are caused by an
interplay between the superposition of the two copper hf lines
of the 63Cu and 65Cu isotopes and further small splitting due
to slightly different isotropic shf coupling constants of the
two interaction 14N nuclei (see Fig. S4, ESI†). The best fit
yields isotropic 14N shf interaction tensors of two interacting
nitrogen nuclei with isotropic hfc constants ANiso,1 = 41(3) MHz,
ANiso,2 = 32(2) MHz in accordance with the experiments on
asCu0.02Cd powder samples.
DFT calculations
At the first step of the analysis, the spin Hamiltonian para-
meters of the cupric ions derived from the EPR spectra of
asCu0.02Cd powder samples were compared with the principal
values of the g- and ACu-tensors computed for the structures,
which have been optimized with the different computational
schemes (PBE, PBE-D2, PBE+U, and PBE-D2+U) as described in
the Experimental section (Computational details). Significant
structural parameters of the optimized geometries are summarized
in Table S1 (ESI†).
While an overall agreement with the experimental principal
axes values of the Cu2+ ion g- and ACu-tensors was observed
(see Fig. S5, ESI†), the results were significantly improved (in
terms of the rhombicity and the isotropic part of hf coupling)
when the structural optimization was carried out with both D2
dispersion correction and Hubbard U correction involved.
Notably, there was no significant difference observed between
the calculations with the empirically based U values and with
those from linear response scheme. The corresponding principal
axes values for the PBE-D2+U optimized structure are listed in
Table 1 along with those from EPR spectra analysis. The corres-
ponding coordination of the Cu2+ center is illustrated in Fig. 7.
The latter is consistent with the coordination reported previously
for pure 3N[Cu(prz-trz-ia)]:
7 the equatorial plane of the metal ion
is defined by one nitrogen atom (N2a) of the triazole ring, one
nitrogen atom (N4) of the six-membered heterocycle (pyrazine),
and two oxygen atoms (O2b, O3c), whereas another triazole
nitrogen (N3) serves as the axial ligand. Computed bond dis-
tances to the Cu2+ ion are within the range 200.7 pm and
218.1 pm for these equatorial ligands and 228.5 pm for the axial
nitrogen N3 (cf. Table S2, ESI†). The third oxygen (O4c) is found
at a significantly larger distance (262.4 pm). Furthermore, in
agreement with the experiment, the equatorial triazole (N2a) and
pyrazine nitrogen (N4) nuclei manifest the isotropic part of 14N
shf coupling of about 44 MHz and 29 MHz, respectively, whereas
for the axial nitrogen (N2a) it is as low as 1 MHz (cf. Table S2,
ESI†). The observed coordination also finds qualitative agree-
ment with the orientation of the magnetic interaction tensors as
derived from single crystal EPR measurements. Indeed, from
Table 1 one can deduce that gzz principal axis of the g tensor of
the PBE-D2+U optimized structure is making an angle of about
15(1)1 with the gzz axis derived from EPR experiments, thereby
supporting the adequacy of the implemented computational
model. Furthermore, the angle between the z axes (gzz and A
Cu
zz )
of the g and ACu tensor is only 1.81 indicating that both tensors
are almost coaxial. Note that P21/n space group of the crystal
implies the presence of symmetry related Cu2+ sites with differ-
ent orientations of the tensors g and ACu as observed in the
experiment (for further details, see Discussion). At the same
time, from ESI,† Table S2, one can find that a geometry optimi-
zation without dispersion correction (i.e. with PBE and PBE+U
methods) can lead to a different coordination of the cupric ion
(illustrated in ESI,† Fig. S5). Despite only minor deviations in the
structural data obtained for this coordination, it manifests
another orientation of the copper dxy orbital. Consequently, this
leads to obvious inconsistencies in the principal axes values of
the g-tensor and the copper hf coupling tensor (i.e. inadequate
rhombicity), as well as in the 14N shf parameters. Here only one
nitrogen nucleus shows an appreciable isotropic shf coupling
(29 MHz) whereas the other two provide significantly smaller ANiso
parameters. In addition, the angle between the gzz principal axis
of the g tensor of the DFT-PBE and DFT-PBE+U optimized
structure and that of the gzz axis derived from EPR experiments
is 401. Thereby, the inadequacy of this second observed coordi-
nation points out the importance of dispersion correction for
computational studies of 3N[M(prz-trz-ia)] MOFs. This result also
shows that it is sometimes not enough to rely only on structural
data when searching for a benchmark simulation scheme applic-
able for a certain type of MOF. And in this sense, analytical
methods such as EPR can be very helpful for tailoring a
Table 1 Experimentally determined and DFT computed principal values
of the tensors g, ACu, and AN1,2 and direction cosines of the g tensor of the
monomer Cu2+ ions species A and B in asCu0.02Cd. Direction cosines are
given with respect to the abc* crystal coordinate frame. The DFT calcu-
lated parameters are provided for the structure optimized with PBE-D2+U
(UCu = 4 eV) scheme. The tensors g and A
Cu are coaxial within the
experimental error 51 whereas for the DFT computed tensors the orienta-
tion of the gzz and A
Cu





gxx = 2.07(1), |A
Cu
xx,yy| = 83(2) MHz
gzz = 2.33(1), |A
Cu
zz | = 423(2) MHz 0.4096 0.7094 0.5736
DFT
gxx = 2.06, A
Cu
xx = 85 MHz 0.9866 0.1504 0.0628
gyy = 2.08, A
Cu
yy = 115 MHz 0.1278 0.4743 0.8711
gzz = 2.22, A
Cu
zz = 464 MHz 0.1012 0.8674 0.4871
14N expt
|ANiso,1| = 41(3) MHz
|ANiso,2|= 32(3) MHz
DFT
ANiso,1 = 46.1 MHz






















































31036 | Phys. Chem. Chem. Phys., 2017, 19, 31030--31038 This journal is© the Owner Societies 2017
computational scheme and evaluating the relevance of simula-
tion results.
4 Discussion
EPR spectroscopy is a powerful tool for the characterization of
the substitutional incorporation site and coordination environ-
ment of paramagnetic ions in solids. If EPR spectroscopy on
single crystals is feasible the anisotropic electron Zeeman and
metal ion hf interaction allow an investigation of the local
symmetry of the incorporation site of the paramagnetic ion.
Subsequently, it is possible to verify or reject the successful
incorporation of the ion at a regular lattice site by comparison
of the experimentally obtained local symmetry properties with
those predicted by the space group of the crystal. For our
asCu0.02Cd single crystal of the
3
N[Cd0.98Cu0.02(prz-trz-ia)]
MOF material, the EPR angular dependencies reveal the
presence of two differently oriented, but otherwise identical,
incorporation sites A and B of the mononuclear Cu2+ species.
These sites are symmetry related as seen from the direction
cosines of the z principal axes of their tensors g and ACu. This
finding agrees with the crystal structure of 3N[Cd(prz-trz-ia)]
with its centrosymmetric monoclinic space group P21/n (No. 14)
with four formula units per unit cell.7 The cell has two
magnetically inequivalent metal ions sites. Note that in this
context magnetically inequivalent metal ions mean that they
are chemically identical and have the same principal values of
their g and ACu tensors, but the tensors are oriented differently
in conformity with the symmetry. The two metal sites within
the centrosymmetric dinuclear metal ion unit are related by
inversion symmetry and are consequently indistinguishable in
EPR experiments. What gives rise to the two magnetically
inequivalent sites and the two observed paramagnetic Cu2+
species A and B is the second dinuclear metal ion unit, which
relates to the first one via a glide mirror plane and a two-fold
screw axes.
The principal values and the orientation of the principal
axes frame of the electron Zeeman and metal ion hf interaction
tensors of the paramagnetic metal ions depends strongly on
their coordination environment and are sensitive with respect
to the coordination symmetry and type of ligand. In case of
Cu2+ the spin Hamiltonian parameters usually provide some
rough guide to the overall coordination symmetry of the metal
ion based on extensive studies of known cupric ion compounds.35
In general, ACuzz increases from approximately 210 MHz for tetra-
hedral symmetry, through elongated distorted octahedral and
square-pyramidal symmetry, to approximately 540 MHz for
square-planar symmetry, whereas gzz decreases from 2.516 to
2.245 for this sequence of coordination symmetries.36 However,
this guide line must be considered with caution. First, gzz and
ACuzz are depending likewise on the type of coordinating ligands.
37
And, secondly, its use is limited in case of very low, noticeably
distorted coordination symmetries. Both are the cases here for
3
N[Cd0.98Cu0.02(prz-trz-ia)] where the cupric ions coordinate to
nitrogen and oxygen ligands in a distorted coordination sym-
metry. Therefore, we applied a combined experimental–theoreti-
cal study by applying EPR spectroscopy and DFT calculations in
order to characterize the Cu2+ coordination site and binding
properties of the metal ion in the 3N[Cd0.98Cu0.02(prz-trz-ia)] MOF.
In general, we deduce from the DFT calculations a coordina-
tion of the mononuclear paramagnetic Cu2+ ions to five coor-
dinated ligands suggesting a distorted pyramidal coordination
symmetry. Fig. 7 shows the computed spin density distribution
which resembles a 3dx2-y2 type orbital contribution to the SOMO
at the cupric ion. Significant spin density contributions are also
found at the carboxylate oxygen atoms (O2b, O3c), the triazole
nitrogen (N2a), and the pyrazine nitrogen (N4). Therefore it is
justified to identify O2b, O3c, N2a, and N4 as the four equato-
rially coordinating ligand atoms. Otherwise, the nitrogen (N3)
Fig. 7 Cu2+ center in asCu0.02Cd as optimized by the DFT-PBE-D2+U method (see Experimental section for details) viewed along the crystallographic
b and c* axes. The principal axes frame of the calculated tensor g is indicated by dashed arrows. Solid green arrows represent the orientation of the
experimentally determined gzz axis (related to direction cosines in Table 1). Isosurfaces (isovalue of 0.05 electron per Å
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from the second triazole does not substantially contribute to the
SOMO and consequently forms the axial ligand of the pyramidal
coordination. The spin densities at the equatorial nitrogen ligands
N2a and N4 lead to appreciable isotropic shf coupling parameters
46 MHz and 32 MHz whereas for the axial N3 nitrogen a small
negative value ANiso = 1.2 MHz is computed (cf. Table S2, ESI†).
These computational results agree very well with the EPR experi-
ments, where shf interactions with only two 14N nuclei with
comparable ANiso parameters (41 and 32 MHz) have been observed
(Table 1). We have to note the resolution of the cw EPR experiment
in this case was not sufficient to detect shf couplings of less than 3
MHz preventing the observation of the axial N3 nitrogen ligand. In
principle, the shf interaction tensor of such weakly coupled nuclei
including its orientation with respect to the g tensor frame can be
determined by pulsed EPR techniques. Such experiments are
intended in the future for crystals with lower Cu2+ concentrations,
where longer phase memory times of the cupric ions are expected.
The orientation of the Cu 3dxy orbital carrying the major part of
the spin density defines also the orientation of the z principal axes
of the tensors g and ACu. It is justified to assume that both z axes
point approximately along the symmetry axis of the 3dx2-y2 orbital in
agreement with the DFT calculated and experimentally determined
tensor orientations, but deviate by 13(1)1 and 10(1)1, respectively
from the bond direction of the Cu2+ ion to the axial N3 nitrogen. We
explain this deviation by the substantial distortion of the pyramidal
coordination symmetry present in this case. Note that the direction
of the z axes differ only by 15(1)1 between experiment and DFT
calculation and that the g and ACu tensors appear to be almost
coaxial both in theory and experiment regarding the experimental
error of 51.
The relation gzz 4 gxx,yy among the principal values of the Cu
2+ g
tensor as already deduced from the EPR powder spectra of
asCu0.02Cd is likewise representative for an elongated axial sym-
metry of the coordination sphere in accordance with the pyramidal
coordination symmetry and the elongated, weaker axial Cu–N3
bond. This agrees with the results of DFT calculations (gzz 4 gxx,yy),
which, however, manifests a slight anisotropy in the corresponding
equatorial parameters. This anisotropy can be though neglected, as
soon as one recalls all the assumptions underlying the adapted
computational model. For instance, while the model treats the Cu2+
centers in a dehydrated MOF, water molecules distributed in the
pores of real sample can cause random distortions of coordination
of the individual Cu2+ species. Subsequently, the anisotropy can be
smothered in the observed EPR spectrum due to ensemble aver-
aging leading to g strain and line broadening effects. In addition,
the calculated rhombic distortion of the g tensor (gyy gxx = 0.02) is
surprisingly small for such a heavily distorted coordination sym-
metry with a mixed ligand environment and is difficult to resolve in
the X-band EPR spectra of asCu0.02Cd taking into account the
appreciable line widths of both powder and single crystal spectra.
5 Conclusion
The presented CW EPR results on powder and single crystal
samples of the MOF 3N[Cd0.98Cu0.02(prz-trz-ia)] supported by
DFT calculations showed indubitable that we have successfully
substituted Cd2+ ions by paramagnetic Cu2+ ions in the dinuc-
lear Cd–Cd metal ion units of this MOF. In particular, crucial
information to verify the Cu2+ at the MOF framework sites was
obtained from single crystal EPR experiments. There we identi-
fied well resolved angular dependent EPR spectra of two
differently oriented, but otherwise identical, Cu2+ incorpora-
tion sites that are symmetry related according to the crystal
structure of 3N[Cd0.98Cu0.02(prz-trz-ia)] with the space group
P21/n. In the dinuclear units the cupric ions bind to two
carboxylate oxygen atoms and three nitrogen atoms from one
six-membered heterocycle and two triazole linker molecules
forming the MOF framework. Consequently, the resulting
elongated pyramidal coordination geometry is noticeably dis-
torted. Although the measured Cu2+ gzz and A
Cu
zz parameters are
well in the range expected for an approximate elongated square
pyramidal coordination symmetry35,36 a reliable interpretation
of the experimental spin Hamiltonian parameter in such a low
symmetric case requires a combined approach of EPR spectro-
scopy and DFT calculations. The latter supported by the experi-
mental results show obviously that the local structure at the
substitutional Cu2+ site in the here studied mixed metal ion
MOF with a low copper concentration is more like the coordi-
nation in the pure copper system than that of the Cd2+ ions in
the pure cadmium MOF.
Furthermore, we tested different DFT based methods to
simulate the properties of the dinuclear Cu–Cd unit in the MOF
3
N[Cd0.98Cu0.02(prz-trz-ia)]. Even though all of those provided
sufficiently good agreement with the available structural data,
we found that the calculated EPR parameters are very sensitive
to the applied computational scheme. Moreover, we showed
that EPR spectroscopy is not only a valuable tool to explore
incorporation of paramagnetic ions in the metal organic frame-
work at low concentrations, but also is extremely helpful for
adapting a computational method to simulate a certain type
of MOF.
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1. DFT calculations for pure  and  
3
∞[𝐶𝑢(𝑝𝑟𝑧 ‒ 𝑡𝑟𝑧 ‒ 𝑖𝑎)]
3
∞[𝐶𝑑(𝑝𝑟𝑧 ‒ 𝑡𝑟𝑧 ‒ 𝑖𝑎)]
MOFs
Figure S1. Coordination of the metal ions in  (left) and  
3
∞[𝐶𝑢(𝑝𝑟𝑧 ‒ 𝑡𝑟𝑧 ‒ 𝑖𝑎)]
3
∞[𝐶𝑑(𝑝𝑟𝑧 ‒ 𝑡𝑟𝑧 ‒ 𝑖𝑎)]
(right). Arrows show the direction of the crystallographic b axis. The coordinating atoms are 
denoted in accordance with those from ref. [S1]. For DFT calculations have been used 
.
3
∞[𝐶𝑑(𝑝𝑟𝑧 ‒ 𝑡𝑟𝑧 ‒ 𝑖𝑎)]
Table S1. Comparison of DFT calculated structural parameters of  and 
3
∞[𝐶𝑢(𝑝𝑟𝑧 ‒ 𝑡𝑟𝑧 ‒ 𝑖𝑎)]
 obtained with various computational methods (see Materials and Methods 
3
∞[𝐶𝑑(𝑝𝑟𝑧 ‒ 𝑡𝑟𝑧 ‒ 𝑖𝑎)]
section of the main text), and the experimental data from ref. [S1].
3
∞[𝐶𝑢(𝑝𝑟𝑧 ‒ 𝑡𝑟𝑧 ‒ 𝑖𝑎)]
3
∞[𝐶𝑑(𝑝𝑟𝑧 ‒ 𝑡𝑟𝑧 ‒ 𝑖𝑎)]







Expt. PBE PBE-D2 Expt.
Lattice parameters
a, Å 10.111 10.106 10.122 10.118 10.030 10.080 10.031 9.916 9.9977
b, Å 17.142 17.166 17.120 17.130 17.196 17.451 18.583 18.669 18.289
c, Å 11.981 11.238 11.804 11.239 11.254 11.519 12.370 11.852 12.008
α, deg 90.10 89.93 90.10 89.93 90.11 90.00 90.00 90.00 90.00
β, deg 98.17 102.35 98.65 102.28 100.49 99.78 95.87 97.60 100.58
γ, deg 89.99 90.05 89.99 90.09 89.95 90.00 90.00 90.00 90.00
V, Å3 2055.4 1904.5 2031.1 1903.3 1907.1 1996.8 2293.7 2174.7 2158.3
Bond lengths, Å *
3
M-O1b 3.352 3.212 3.366 3.208 2.989 3.101 2.614 2.521 2.685
M-O2b 1.959 1.957 1.953 1.958 2.006 1.948 2.294 2.316 2.227
M-O3c 2.026 2.022 2.021 2.018 2.112 2.073 2.322 2.267 2.279
M-O4c 2.775 2.838 2.734 2.834 3.039 2.797 2.614 2.763 2.612
M-N2a 2.008 1.985 2.026 1.998 2.014 1.989 2.399 2.333 2.295
M-N3 2.289 2.240 2.305 2.263 2.137 2.214 2.414 2.376 2.338
M-N4 2.034 2.041 2.066 2.069 2.111 2.045 2.511 2.463 2.395
MADlength 0.062  0.035 0.076 0.042 0.088 0.068 0.080
Bond angles, deg *
O1b-M-O2b 41.27 44.43 40.83 44.51 49.24 45.5 53.96 55.17 52.44
O1b-M-O3c 158.23 168.43 158.23 166.77 176.05 172.3 165.99 170.73 169.42
O2b-M-N2a 89.10 92.85 88.97 93.20 93.78 92.3 101.45 101.22 95.92
O2b-M-N4 92.27 87.82 92.24 87.91 87.13 87.7 84.92 83.10 85.30
N2a-M-N3 96.62 96.56 96.95 96.68 98.27 97.6 96.81 99.50 99.28
N2a-M-N4 172.77 173.06 172.31 172.33 175.44 173.4 158.61 162.06 162.39
N3-M-N4 76.63 77.49 75.91 76.58 78.42 77.5 67.65 68.68 69.79
MADangle 4.08 1.00 4.28 1.51 1.88 2.75 1.89
*For calculated bond lengths and bond angles, the values of mean average difference (MAD) are 









2.EPR spectroscopy of  
3
∞[𝐶𝑑0.98𝐶𝑢0.02(𝑝𝑟𝑧 ‒ 𝑡𝑟𝑧 ‒ 𝑖𝑎)] 
Figure S2. Experimental X-band CW EPR spectra of asCu0.02Cd recorded at 150 K and 293 K.
4
Figure S3: Experimental and simulated Q-band (a) and X-band (b) CW EPR spectra of 
asCu0.02Cd recorded at 20K. The simulation of copper dimer with S = 1 was performed by using 
EasySpin program with the following spin Hamiltonian parameters gzz = 2.33(1), gxx.yy= 2.09(1), 




3. DFT calculations for a single substitutional Cu atom in MOF
For all the methods applied for structural optimization, initial geometries were built from the 
relaxed  supercell with one cadmium ion being further substituted with copper 
3
∞[𝐶𝑑(𝑝𝑟𝑧 ‒ 𝑡𝑟𝑧 ‒ 𝑖𝑎)]
ion. For all the obtained geometries, the EPR parameters were calculated within the same 
computational framework in Orca package (for details, see Materials and Methods section of the 
main text).
Table S2. DFT calculated EPR parameters, spin density localization and structural information 
for a single substitutional Cu atom in MOF supercell (containing 272 atoms) with the geometry 
optimized by the various computational schemes considered in this work. 
PBE PBE-D2 PBE+U
UCu = 4.0 eV
PBE-D2+U
UCu = 4.0 eV
PBE-D2+U
UCu = 10.5 eV
UN = 8.6 eV
EPR parameters
Figure S4: X-band EPR spectrum of an asCu0.02Cd crystal at 20K for B0 within the bc* plane and 
( B0, b) = 45°: (a) experimental spectrum, (d) sum of simulated spectra of (b) the 63Cu, and (c) 
65Cu isotopes. The 14N shf splitting into more than five lines results from the inequivalence of the 
two 14N nuclei and depends crucial on the difference in their isotropic shf interaction constants 





corresponding simulation parameters see Table I.
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Spin densities at the nuclei of ligand atoms, a.u./Å3
O1b -0.004 -0.009 -0.004 -0.008 -0.009
O2b 0.338 0.313 0.324 0.309 0.282
O3c 0.306 0.347 0.307 0.336 0.294
O4c 0.351 0.007 0.329 0.012 0.006
N2a -0.010 1.004 0.009 0.964 0.914
N3 0.653 -0.019 0.613 -0.026 -0.021
N4 -0.024 0.724 -0.022 0.666 0.603
Bond lengths, Å
M-O1b 3.070 3.076 3.058 3.061 3.165
M-O2b 1.980 2.011 1.981 2.007 2.037
M-O3c 2.160 2.055 2.138 2.057 2.111
M-O4c 2.067 2.671 2.093 2.624 2.607
M-N2a 2.445 2.046 2.464 2.071 2.072
M-N3 2.043 2.264 2.091 2.285 2.208
M-N4 2.552 2.138 2.521 2.181 2.211
8
Bond angles, deg
O1b-M-O2b 47.64 47.61 47.89 47.91 45.76
O1b-M-O3c 125.41 116.21 125.19 117.23 117.82
O2b-M-N2a 99.62 97.34 99.06 97.47 97.25
O2b-M-N4 92.36 88.60 92.20 88.59 88.97
N2a-M-N3 105.31 99.32 103.20 99.08 101.22
N2a-M-N4 167.88 172.10 168.05 171.25 173.18
N3-M-N4 72.49 75.25 72.37 74.42 75.51
*Orientations of the g-tensor are determined with respect to an a-b-c* coordinate frame. Euler 
angles specify z-y-z rotation. The orientations are provided for a chosen Cu2+ site, while the 
principle axes directions for symmetry inequivalent sites are implied by the symmetry operations 
of P21/n space group.
**Orientation of Cu hyperfine coupling tensor is defined with respect to the g-tensor. The principle 
axes AX, AY, AZ are assigned such that the Euler rotation is minimal.
Figure S5. Cu2+ center in asCu0.02Cd as optimized using DFT-PBE+U method (without dispersion 
correction) viewed along the crystallographic c axis. The principal axes frame of the calculated 
tensor g is indicated by dashed arrows. Isosurfaces (isovalue of 0.05 electron/Å3) illustrate the spin 
density distribution. 
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Table S3. An example of a hydrogen-terminated molecular cluster cut from the structure 
optimised with Quantum Espresso (PBE-D2+U with UCu = 4 eV) and used for calculating the 
EPR parameters in ORCA. The coordinates are in angstroms.
0 2
Cu         3.71543       10.18480        4.09106
Cd         4.32261        8.38832        8.07501
C          2.72307        1.80243        2.83195
C          5.33417       16.83230        9.11827
C          1.56408       11.30265        3.03482
C         11.02482       10.86071        3.58549
C          6.79057        7.53204        8.91351
C          7.74843        2.49302        2.59820
C          0.30939       16.14936        9.37879
C          6.00859       11.84746        3.89164
C         -3.55228       11.50897        3.36604
C          1.90080        7.07146        8.40568
C          5.23074        2.16542        2.74713
C          2.82230       16.48950        9.18501
C          8.52455       11.31623        3.64124
C         -1.01192       11.40219        3.25128
H          5.34398        1.15454        2.34653
H          2.72230       17.47032        9.65741
H          8.39552       10.32212        4.07945
H         -1.05516       10.38189        3.64307
C          3.95403        2.63229        3.08395
C          4.09255       16.04167        8.79873
C          0.21638       11.97371        2.89025
C          9.81950       11.73339        3.29195
C          6.35411        2.98269        2.90893
C          1.69335       15.68489        8.99592
C          7.43089       12.17338        3.47473
C         -2.20432       12.12645        3.09602
C          3.80853        3.91609        3.61930
C          4.22473       14.79357        8.18289
C          0.23606       13.26859        2.36028
C         10.01070       13.00136        2.73119
H          2.81655        4.26400        3.92066
H          5.21176       14.44978        7.86154
H          1.18839       13.69753        2.03700
H         11.01739       13.31566        2.44266
C          6.20188        4.28613        3.39622
C          1.83405       14.41192        8.43196
C          7.63310       13.45447        2.94420
C         -2.17207       13.44026        2.61230
H          7.08578        4.92097        3.50371
H          0.95250       13.77456        8.32349
H          6.77781       14.12746        2.84237
H         -3.10907       13.99352        2.50819
C          4.93278        4.72764        3.75544
C          3.09522       13.99343        8.02568
C          8.91285       13.84485        2.57380
C         -0.94750       13.98776        2.24827
C          5.35728        5.17025        6.67247
C          2.62708       13.40294        5.14561
C          8.50369       14.41760       -0.32798
C         -1.40338       14.52690       -0.64514
H          6.33975        4.76154        6.38019
H          1.52720       13.47082        5.21152
H          7.52785       13.99199       -0.03814
H         -2.33577       14.02870       -0.33080
H          4.63271        4.33776        6.66102
H          3.04176       14.39566        5.38113
H          9.23885       13.59642       -0.35969
H         -0.60652       13.76606       -0.70774
H          5.39063        5.58794        7.68872
H          2.93623       13.11978        4.13264
H          8.45857       14.87506       -1.32553
10
H         -1.50573       14.98246       -1.63920
C          4.93192        6.21672        5.72254
C          3.13314       12.41428        6.11534
C          8.92728       15.42236        0.66305
C         -1.01446       15.55492        0.33740
C          4.34588        7.21751        3.86524
C          3.74198       11.54566        8.03736
C          9.48368       16.32817        2.58129
C         -0.44859       16.47911        2.24623
C          4.04399        7.59629        2.49301
C          4.02591       11.32111        9.45746
C          4.01580        6.71570        1.40006
C          3.92441       12.28424       10.47920
H          4.24202        5.65280        1.53637
H          3.59887       13.30630       10.27389
C          3.44488        8.42891        0.00600
C          4.62860       10.75694       12.03473
H          3.21837        8.76884       -1.01284
H          4.85309       10.52747       13.08409
C          3.47779        9.32517        1.08233
C          4.72548        9.78307       11.03390
H          3.25836       10.39199        0.97816
H          5.04659        8.75223       11.22890
N          4.77221        6.01427        4.37658
N          3.26898       12.69155        7.44597
N          9.10176       15.14726        1.99366
N         -0.87074       15.30291        1.67725
N          4.62145        7.47782        5.99593
N          3.51791       11.15439        5.91070
N          9.19443       16.70665        0.45899
N         -0.70834       16.82707        0.11469
N          4.25182        8.09769        4.85076
N          3.89102       10.61545        7.10068
N          9.54460       17.26561        1.64367
N         -0.35393       17.39710        1.29376
N          3.76298        8.91126        2.32048
N          4.42229       10.07018        9.76800
N          3.70708        7.12472        0.16473
N          4.22724       12.00296       11.75269
O          2.79920        0.79445        2.08372
O          5.25536       17.81925        9.89600
O          1.67432       10.33794        3.88097
O         10.87845        9.78204        4.19092
O          6.86832        8.52319        8.14281
O          1.62506        2.23075        3.34991
O          6.43926       16.39227        8.62997
O          2.52340       11.77745        2.37958
O         12.16279       11.36240        3.21484
O          5.69687        7.11621        9.44639
O          7.92137        1.21769        2.71610
O          0.12167       17.42512        9.30362
O          5.65374       10.60416        3.78083
O         -3.64160       10.23714        3.32180
O          2.03859        8.34672        8.46258
O          8.62382        3.32360        2.28516
O         -0.54822       15.30403        9.70533
O          5.30482       12.79453        4.27375
O         -4.53953       12.27723        3.56032
O          2.83407        6.26536        8.16309
H          7.20202        0.66762        2.95680
H          1.63126        2.98877        3.90068
H         -4.41353       13.20544        3.58282
H         10.01972        9.48834        4.42393
H          4.42056       18.09455       10.22047
H         -0.32310       14.39490        9.73316
H         -0.24010       16.62431        3.24647
H          9.68885       16.46394        3.58354
H          7.75948        6.98418        9.69935
H          0.95427        6.65191        9.15663
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4. Correlated g and A strain effects
For the simulations of the single crystal spectra with nitrogen shfs (see Figure 6 in main 
manuscript) we have assumed a Gaussian distribution of the  values.  The hf coupling 𝑔𝑧𝑧 (𝑖)
parameters  are in first approximation assumed to be correlated with the Gaussian distributed 𝑧𝑧 (𝑖)
values  by 𝑔𝑧𝑧 (𝑖)
𝐴𝑧𝑧(𝑖) =  ‒ 𝑚 ∙  𝑔𝑧𝑧(𝑖) + 𝑘
where m and k  are fitted to the respective EPR spectra.
The following values for the spectral simulations with correlated g and A strain effects have been 
taken:  , m = 900 MHz, k = 1674  MHz.Δ𝑔 ∥ =  0.009
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ABSTRACT: Multifrequency electron paramagnetic resonance (EPR) spectros-
copy, magnetic susceptibility measurements, and density functional theory (DFT)
have been employed to characterize the magnetic properties of Cu2+ ions and their
magnetic interactions in the porous metal−organic framework compound
∞
3 [Cu(prz−trz−ia)]. Two distinct cupric ion species were found to contribute to
the overall magnetic susceptibility of the polycrystalline material. The majority of
the copper ions forms antiferromagnetically coupled ion pairs located at framework
sites in the dinuclear metal ion units of this coordination polymer. Their
theoretically computed isotropic intrapair exchange coupling constant J1 = −26
cm−1 is in excellent agreement with experimentally determined exchange coupling.
Besides the metal ion pairs, a part of the copper in this material is present as
agglomerates of additional framework ions.
■ INTRODUCTION
Metal−organic frameworks (MOFs) are crystalline porous
coordination polymers. They usually consist of two major
structural building units, metal ions or metal ion clusters and
connecting organic linker molecules with some binding
functionality toward the metal ions.1 Characteristic features
of MOF compounds are a crystalline three-dimensional open
framework with large pore diameters and high specific
micropore volumes, high metal ion content, and high structural
diversity controlled by the use of a variety of different organic
linkers and metal ion clusters.2 These structural properties
make MOFs attractive materials for potential applications in
gas storage3,4 and separation,5−7 catalysis,8,9 and sensing.10 If
the MOF framework contains paramagnetic transition metal
ions or lanthanide ions the porous coordination polymers may
exhibit unique magnetic properties.11−13 Such materials have
attracted considerable interest in recent years and feature high
potential for future use in the field of molecular magnets,14,15
magnetic sensors,16 and magnetic biomedicine.17,18 However,
utilizing magnetic MOFs in future applications requires a
fundamental understanding of their magnetic properties and
the involved magnetic coupling phenomena among the
magnetic framework ions.
For a large number of MOFs the linker functionality is
realized by carboxylate-modified ligands, such as the large
variety of benzene carboxylic acids and related substances. This
class of linkers often results in the formation of dinuclear metal
ion paddle wheel units.19,20 In the paddle wheel units the two
metal ions are bridged by four O−C−O links of the benzene
carbolic acids forming a metal ion pair with a highly symmetric
oxygen coordination environment. Paddle wheel units with
Cu2+ pairs are most commonly found in MOF structures, but
the formation of these dinuclear units with other transition
metal ions such as for instance Zn2+, Ni2+, and Co2+ has been
reported as well.21 In the copper paddle wheels the Cu−Cu
distance is approximately 0.264 nm, and the two metal ions are
strongly antiferromagnetically coupled.
The range of reported exchange coupling constants J = −370
to −260 cm−1 indicates that the excited triplet state with a total
electron spin S = 1 of the copper pair of the paddle wheels is
only populated above 60 K, and consequently an appreciable
magnetization is only observable at those temperatures.22−25
As an alternative to pure carboxylate-based ligands, nitrogen-
containing heterocycles modified by carboxylate groups have
been successfully used in MOF synthesis as organic linker
molecules.26−36 Some of us have recently used nitrogen-
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containing heterocycles as linkers to prepare the isostructural
triazolyl isophthalate-based ∞
3 [M(prz−trz−ia)] MOF materi-
als, where M = Cu2+, Co2+, Zn2+, Cd2+, prz = pyrazinyle, trz =
triazolyl, and ia = isophthalic acid.26,27 These ∞
3 [M(prz−trz−
ia)] frameworks feature a dinuclear metal ion unit in which the
two metal ions are connected by two triazole rings and each
ion is coordinated to three nitrogen and two or three oxygen
ligand atoms in a low-symmetry coordination geometry
depending on the respective metal ion (Figure 1). Further
details of the crystallographic structure have been presented in
a previous publication.26
Typically, the magnetic properties of MOFs have mainly
been investigated by magnetic susceptibility measure-
ments.11,12,14,15,17 However, recently, electron paramagnetic
resonance (EPR) spectroscopy has been more widely applied
in this field, as it may provide complementary information
about the paramagnetic ions and their magnetic coupling on a
microscopic scale.13,18,38,39 However, EPR is traditionally
employed for investigations of paramagnetic ions in magneti-
cally diluted materials where the various magnetic interactions
can be fully resolved. In that way, in a previous electron
paramagnetic resonance (EPR) spectroscopy and density
functional theory (DFT) study we have explored the
coordination state of cupric ions in the magnetically diluted
mixed-metal MOF ∞
3 [Cd0.98Cu0.02(prz−trz−ia)] and deter-
mined their magnetic interaction tensors.37 Besides the major
EPR signals from the paramagnetic mixed-metal ion Cd−Cu
dinuclear units of these framework we observed signals of an S
= 1 species which we tentatively assigned to the formation of a
minor (Cu2+)2−pair species from Cu−Cu dinuclear units.
Because of the triazole ligands binding to the cupric ions and
the larger Cu−Cu distance of 0.415 nm26,37 we may expect a
substantially smaller exchange coupling between the cupric
ions in the dinuclear metal ion unit of the ∞
3 [M(prz−trz−ia)]
frameworks in comparison with the carboxylate ligand based
copper paddle wheels. Consequently, we may also expect a
noticeable increase in the magnetic susceptibility at temper-
atures lower than 60 K for the magnetically nondiluted
∞
3 [Cu(prz−trz−ia)] MOF.
In this work, we employ multifrequency EPR spectroscopy
at 9 GHz, 34 GHz, and 320 GHz, together with magnetic
susceptibility measurements and DFT calculations, to charac-
terize the magnetic properties of these cupric ion pairs in such
dinuclear triazole-bound metal ion units of the pure copper
∞
3 [Cu(prz−trz−ia)] MOF. The investigation of the copper pair
species here is complicated by the formation of defective and/
or extraframework paramagnetic Cu2+ species, which are
frequently present in copper-based MOF materials.23−25
However, the combination of the experimental techniques
allows us to determine the intrapair exchange coupling
constant and the zero field spitting (zfs) parameters as well
as the principal values of the electron g tensor and the copper
hyperfine (hf) interaction tensor. The interpretation of the
experimental results is strongly supported by DFT computa-
tions, which provide theoretical insight into the efficiency of
the various exchange paths among the metal ions in the
∞
3 [Cu(prz−trz−ia)] framework.
■ EXPERIMETAL AND COMPUTATION DETAILS
Synthesis of Microcrystalline Powder. A suspension of
3.0 mmol of protonated ligand, H2(prz-trz-ia), and 3.0 mmol
of copper acetate monohydrate in 45 mL of H2O/MeCN (1:1;
v/v) was heated under reflux in a round-bottom flask for 24 h.
After cooling to room temperature, the product was filtered,
washed with H2O/MeCN (1:1; v/v), and dried in air.
26
According to the single-crystal structure analysis, [Cu(prz−
trz−ia)] forms monoclinic crystals (space group P21/n, no. 14)
with four formula units per unit cell.26 The asymmetric unit
contains one copper ion on a general position, one ligand
anion, as well as 5.5 noncoordinating water molecules (Figure
1). The neutral network belongs to the rtl topology (point
symbol: {4.62}2{4
2.610.83}), built up from centrosymmetric
dinuclear nodal points. Each nodal point binds six ligands,
whereas each linker connects three nodes. The copper ions are
5-fold coordinated with two weaker interactions to each
second carboxylate oxygen atom. The nitrogen atoms of the
triazole (N3) and the pyrazole ring (N4) are chelating one
metal ion, the second nitrogen atom of the triazole ring (N2)
connects to a crystallographically equivalent metal ion.
EPR Measurements. X-band (∼9.4 GHz) cw EPR
measurements of as-synthesized ∞
3 [Cu(prz−trz−ia)] powder
samples (further denoted as asCu) were performed on a
Bruker EMXmicro spectrometer fitted with a Bruker ER
4119HS cylindrical cavity. Low-temperature experiments were
realized with an Oxford Instruments He cryostat ESR 900. Q-
band (∼34 GHz) cw EPR spectra were measured on a Bruker
EMX 10−40 spectrometer using a cylindrical cavity and an
Oxford Instruments CF935 cryostat. High-frequency EPR
(HF-EPR) spectra at a microwave (mw) frequency νmw = 320
GHz were recorded on a home-built spectrometer at the
University of Stuttgart.40 The asCu powder samples were
placed in an Oxford Instruments 15/17 T cryomagnet
equipped with a variable-temperature insert (1.5−300 K).
Simulations of the EPR spectra were carried out using the
EasySpin toolbox41 for Matlab.
Magnetic Measurements. Magnetic measurements were
performed in the temperature range from 1.8 to 300 K with a
Quantum Design MPMS3 SQUID magnetometer equipped
with a 7 T magnet. The asCu powder samples were measured
as pressed pellets.
Calculation of Exchange Coupling Constants. The
spin exchange couplings calculated from DFT are defined in
the following way. First, the spins of Cu2+ ions are oriented
along the z-direction either parallel (ferromagnetic state, fm)
or antiparallel (antiferromagnetic state, af). Then the difference
Eaf − Efm between the ground-state energies of these ordered
spin states is mapped onto the corresponding eigenvalues of
the Heisenberg spin-Hamiltonian defined as
Figure 1. Ball-and-stick presentation of the structure of ∞
3 [Cu(prz−
trz−ia)].
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∑̂ = − ⃗̂ ⃗ ̂
>
H J S S
i j
i j i jHeis ,
(1)
where Si is the spin operator on site i, and Jij is the exchange
coupling constant (set to be negative for antiferromagnetic
coupling). It is further assumed that only the z-components
contribute to the eigenvalues.
Theoretical assessment of exchange interactions was
performed in two different ways. First, the exchange coupling
constants were obtained for periodic supercells (272 atoms) on
the basis of plane-wave pseudopotential approach and the DFT
+U method42 as implemented in the Quantum ESPRESSO
package.43 The Perdew−Burke−Ernzerhof (PBE) exchange-
correlation functional44 and norm-conserving pseudopotentials
were used for the calculations. The purpose of introducing the
Hubbard U correction is to circumvent the failure of the
conventional generalized gradient approximation (GGA) to
properly take on-site Coulomb correlations into account. It
was further assumed that the parameter U is limited to d-
orbitals of Cu atoms and set to 10 eV, as evaluated by a linear
response approach.42 The significance of the exact choice of U
is further illustrated in the Supporting Information, Figure S4.
Second, for selected exchange couplings all-electron DFT
calculations were performed in ORCA software45 by
considering isolated molecular clusters constructed from the
original crystal structure. Here, the hybrid B3LYP func-
tional46−48 was used in conjunction with CP(PPP) basis set49
for copper and def2-TZVP50 for the other atoms. This
approach is devoid of the drawbacks of the GGA. However, it
introduces another kind of approximation due to truncation of
the extended periodic system into a finite-size cluster. Thus,
the conclusion about reliability of the results was made by
comparing the outcome of the two approaches.
The crystal structure data used in all calculations were
derived from single-crystal XRD measurements on hydrated
MOF material without subsequent geometry optimization.
■ RESULTS
1. EPR Spectroscopy. The X-band cw EPR spectra of
asCu recorded at 16 K show a broad, poorly resolved signal at
a magnetic field of B = 325 mT with a line width of about ΔBpp
= 25 mT and a shoulder at its high field side at 345 mT. A
further, much weaker signal is observed at lower magnetic
fields B = 160 mT (Figure 2a). The latter we assign to the ΔmS
= ±2 half field transition between the spin states with magnetic
spin quantum numbers mS = ±1 of a species with total electron
spin S = 1.51 The half field transition exhibits a splitting of
about 7 mT into seven hf lines (Figure 3). We note that the
second derivative spectrum of the main signal at 325 mT
reveals likewise seven hf lines with a comparable splitting at its
low field side (see Figure S1, Supporting Information). We
assign these hf lines together with the nicely resolved half field
transition to the S = 1 spin state of magnetically coupled Cu2+
pairs (species A). Each Cu2+ ion (electron configuration 3d9)
with an electron spin S = 1/2 couples with the two nuclear
spins I = 3/2 of the two copper nuclei of the pair giving rise to
a seven-line hyperfine splitting pattern.52,53
The zfs of the ΔmS = ±1 transition of the species A is not
resolved, and the poor resolution of the central part of the
spectrum at 325 mT indicates a superposition of the Cu2+ pair
spectrum with the spectra of an additional Cu(II) species also
present in the asCu samples, which are not resolved at X-band
EPR spectra.
Multifrequency EPR experiments at 34 GHz (Q-band) and
320 GHz have been employed to unravel the superimposed
Cu2+ spectra and to estimate the zfs of the copper pair species
A. The experimental Q-band (Figure 4a) and 320 GHz (Figure
5a) spectra recorded at 20 K reveal the typical Cu2+ powder
Figure 2. X-Band EPR spectra of an asCu powder recorded at 16 K:
(a) experimental, (b) sum of simulated spectra and simulated
subspectra of species (c) A and (d) B.
Figure 3. Zoom into the ΔmS = 2 region of the X-Band EPR spectra
of an asCu powder recorded at 16 K: (a) experimental and (b)
simulated spectra.
Figure 4. Q-band EPR spectra of an asCu powder recorded at 20 K:
(a) experimental and (b) sum of simulated spectra and simulated
subspectra of species (c) A and (d) B.
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pattern of an anisotropic g tensor with the gzz component of its
g tensor at 1050 mT (Figure 4) and 9850 mT (Figure 5).
The high-frequency 320 GHz powder spectrum indicates
clearly an orthorhombic distortion of the g tensor with the gxx
and gyy edge singularities at 10 900 mT and 11 250 mT. On the
basis of the 320 GHz spectrum the splitting observed for the
perpendicular spectral feature in the Q-band spectrum at 1195
mT (Figure 4a) can be assigned now to an orthorhombic
distortion of the g tensor.
At X-band frequencies the orthorhombic distortion of the g
tensor cannot be resolved in the powder spectra of asCu, and
the shoulder at the high field wing at B = 345 mT of the main
signal in the X-band spectrum (Figure 2) must be assigned to
one of the two ΔmS = ±1 fine structure (fs) transitions of the S
= 1 species. In contrast to the X-band experiments the ΔmS =
±2 half field transition could not be observed at either Q-band
or at 320 GHz indicating that the zfs is small and therefore
hidden in the larger linewidths of the powder spectra of asCu
measured at higher frequencies.
However, spectral simulations of the mutlifrequency EPR
spectra with a single S = 1 species A failed, and satisfactory fits
of the three spectra with a unique parameter set could only be
obtained by including an additional S = 1/2 species B (see
Figures 2−5). In the spectral simulations of the EPR powder
patterns of the dinuclear Cu2+ species A with S = 1 a spin
Hamiltonian operator
β̂ = ⃗·̂ · ⃗ + ⃗ ̂ ⃗ ̂ + ̂ − +
+ ̂ − ̂




















was used, where βe is Bohr’s magneton; B⃗ is the external
magnetic field vector; ⃗ ̂S and ⃗ ̂I
Cu
are the electron and copper
nuclear spin operators; g is the electron g tensor; ACu is the
copper hf interaction tensor referring to the 63Cu isotope; and
D and E are the axial and rhombic zfs parameters of the zfs
tensor D, respectively.
In the case of the S = 1/2 species B the second and third
term in eq 2 were omitted. The spin Hamiltonian parameters
of two species and their relative concentrations Krel as
determined by the simulations are summarized in Table 1.
The g values of species B with S = 1/2 are typical for
transition metal ions with a 3d9 electron configuration,54 and
we assign this one species to Cu2+ monomer defect centers.
Our simulations show that the linewidths ΔBpp in the spectra
of both species are increasing with the mw frequency νmw
because of g strain effects,55 which are often encountered in
EPR spectra of Cu2+ ions.56,57
In the case of species A, the simulations revealed substantial
distributions ΔD = 0.010 cm−1 and ΔE = 0.006 cm−1 in the zfs
parameters. Therefore, the exact E/D ratio could not be
determined but was found to be small and set to zero in the
simulations. In such cases of S = 1 spin systems with poorly
resolved ΔmS = ±1 transitions, well-resolved ΔmS = ±2 half-
field transitions in the X-band experiments are very helpful to
estimate D and E58 as well as the further spin Hamiltonian
parameters of the Cu2+ pairs such as the copper hf interaction
and the angle β between the z principal axes (symmetry axes)
of the tensors g and D.53,59 Spectral simulations assuming
coaxial tensors g and D did not reproduce the experimentally
obtained intensity ratio between the signals of the ΔmS = ±2
and ΔmS = ±1 transitions in the X-band spectra (Figure 2).
This intensity ratio depends strongly on the angle β between
the z axes of the tensors g and D and decreases with increasing
β. This allowed us to estimate an angle β = 50° ± 10° from our
spectral simulations. The line shape of the ΔmS = ±2 half-field
transition of the copper pairs is determined by the zfs
parameters D and E,58 the angle β (see Figure S2, Supporting
Information), as well as the principal values of ACu. In
particular, Azz
Cudetermines the hf splitting pattern at the low-
field side of the ΔmS = ±2 transition, whereas the small
shoulder on the high-field edge is very sensitive with respect to
Axx,yy
Cu (see Figure S3, Supporting Information). Using this
unique feature of the half-field transition of the Cu2+ pairs we
have been able to extract the principal values of ACu of species
A. Note that the ACu of species A are half those for the isolated
ions. That is expected in the strong exchange limit.
The EPR temperature dependence of the asCu sample was
investigated at X-band and did not show significant changes of
the line shape of the EPR signals in comparison with the
spectrum recorded at 20 K (Figure 2a) in the whole
temperature range 5−300 K. The total relative intensity IEPR
Figure 5. 320 GHz HF EPR spectra of an asCu powder recorded at
20 K: (a) experimental and (b) sum of simulated spectra and
simulated subspectra of species (c) A and (d) B.
Table 1. Experimentally Determined Principal Values of the g Tensors of the Cu2+ Species A and B, zfs Parameters D and E
(10−4 cm−1), Principal Values of Tensor ACu (10−4 cm−1) of Species A, Relative Concentrations Krel, and Linewidths ΔBpp of
the Three Speciesa
gxx gyy gzz Axx,yy
Cu Azz
Cu D E Krel (%) ΔBpp (mT) X-band ΔBpp (mT) Q-band ΔBpp (mT) HF EPR
A 2.05(1) 2.1(1) 2.31(2) 14 77 200 0 85 2.4 6.0 50
B 2.12(2) 2.12(2) 2.12(2) - - - - 15 8.0 10.0 70
Cu2+−Cd2+ 2.07b 2.07b 2.33b 27b 141b
aErrors: ΔAiiCu= ± 0.4 × 10−4, ΔBpp(X-band) = ± 0.1 mT, ΔBpp(Q-band) = ± 0.5 mT, ΔBpp(HF EPR) = ± 5 mT. bData taken from reference
10 for Cu2+-Cd2+ units in MOF ∞
3 [Cd0.98Cu0.02(prz−trz−ia)].
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of the X-band EPR spectra of the Cu2+ species in asCu in
dependence on temperature is illustrated in Figure 6. Here IEPR
was obtained from a double integration of the corresponding
EPR spectra. The temperature dependence of IEPR
−1 separates
into two distinct ranges below and above 30 K. The typical
decrease of IEPR
−1 with lower temperatures of a paramagnetic
system is observed at T < 30 K. Otherwise, the change in the
slope at T > 30 K (blue line in Figure 6) and the negative
intersect of this blue line with the temperature axis indicate a
Curie−Weiss type behavior of the magnetization and
consequently the presence of antiferromagnetically (af)
coupled spin centers. The natural assumption is that the latter
are related to the S = 1 state of the copper pairs (species A)
and the former one to the Cu2+ species B having S = 1/2.
2. DFT Calculation of Spin-Exchange Constants. The
EPR measurements revealed the existence of af coupled Cu2+
pairs in asCu. DFT methods have been employed to identify
this metal ion species in the structure of asCu. In order to
investigate the relative significance of the different possible
spin-exchange pathways among the spin-bearing Cu2+ ions in
this MOF material, we considered seven exchange pathways
shown in Figure 7 and denoted as J1−7. In particular, J1 refers to
a presumable intrapair coupling pathway between the two
nearest Cu2+ ions (connected via nitrogen atoms of the triazole
rings with Cu2+−Cu2+ distance of 0.415 nm). J2−7 accounts for
possible interpair couplings with the next surrounding Cu2+
ions (Figure 7).
To assess the values of the corresponding exchange
constants, we defined eight ordered spin states (seven collinear
af and one fm) and determined their ground-state energies on
the basis of DFT+U calculations with U = 10 eV. By mapping
these values to the corresponding eigenvalues of the
Heisenberg Hamiltonian (see eq 1), we extract the exchange
couplings J1−7 whose relative values are illustrated in Figure 7
(bottom). All the considered exchange couplings are found as
af with J1 being strongly predominant. Since the second largest
value, J2, is almost an order of magnitude smaller than J1, it can
be judged that interdimer spin exchange can have only a minor
effect in the experiments.
An independent cross-check of the results is further
provided by all-electron DFT calculations for dimeric
molecular clusters isolated from the whole crystal structure.
Two dimeric fragments used for assessment of J1 and J2 are
shown in Figure 8, and the resulting exchange couplings are
listed in Table 2. The obtained values are in accordance with
DFT+U, thereby proving reliability of the results.
Figure 6. Temperature dependence of the total inverse relative EPR
signal intensities IEPR
−1 of species A and B in asCu recorded at the X-
band. The broken lines illustrate fits using eq 3 within high-
temperature (blue) and low-temperature (green) regions.
Figure 7. Schematic illustration of exchange pathways considered for
DFT+U calculations (top) and their relative values resulting from
these calculations (bottom). J1 corresponds to the intrapair exchange
coupling as defined in the text.
Figure 8. Molecular fragments used for all-electron DFT calculations
of J1 (left) and J2 (right).
Table 2. Two Largest Exchange Coupling Constants J1 and
J2 Determined with the DFT+U Approach for Periodic










J1 - intrapair 0.415 −28.1 −26.8 −26 ±23
J2 - interpair 0.830 −3.7 −3.9  
aThe calculated results are presented along with the experimental
values obtained from molar magnetic susceptibility measurements and
the zfs parameter determined by EPR (see below for details).
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3. Magnetic Susceptibility Measurements. Magnetic
susceptibility measurements were performed in order to verify
the af coupling among the cupric ions in asCu and to
determine experimentally in a direct manner the exchange
coupling constants for validation of the DFT results.
The temperature dependence of the molar magnetic
susceptibility χ(T) and the corresponding inverse susceptibility
χ−1(T) measured at a magnetic field of 0.1 T in the
temperature range of 2−300 K is shown in Figure 9. The
χ−1(T) curve as obtained from the magnetic susceptibility
measurements is in good agreement with the inverse
temperature dependence of the overall relative X-band EPR
signal intensities (Figure 6). At temperatures above 50 K the










Fitting the high-temperature part of χ−1(T) with eq 3 provides
a Weiss temperature of θaf = − 21 K and Curie constant Caf =
0.50 cm3 K mol−1. This indicates the presence of af coupling
between the Cu2+ ions. The rise in χ−1(T) below 10 K can be
assigned to a contribution from paramagnetic impurities in the
crystal (including the monomer Cu2+ species B observed by
EPR).60 This contribution can also be described by the Curie−
Weiss law with a very small Weiss temperature θimp = − 0.8 K
and Cimp = 0.09 cm
3 K mol−1 by fitting the low-temperature
part (T = 10 K) of χ−1(T) with eq 3. We like to emphasize that
the temperature dependence of the inverse EPR signal
intensity of asCu at X-band frequencies displayed in Figure
6 could be likewise fitted using eq 3 with the same parameters,
θaf = − 21 K for species A and θimp = −0.8 K for species B.
Figure S6 in the Supporting Information shows the
comparison between temperature dependence of molar
magnetic susceptibility χ(T) and the total relative EPR signal
intensities IEPR of asCu recorded at the X-band, fitted to the
high-temperature regions by the Curie−Weiss law (eq 3) with
a Weiss temperature of θaf = −21 K.
Accordingly, in a second step, we fit the measured molar
magnetic susceptibility data within the whole temperature
range by the following equation:










Here, the first term, χex(T), describes the spin-exchange
interaction between Cu2+ ions in the ideal lattice. The second
term is the impurity related contribution which is again
expressed by the Curie−Weiss law with the Curie constant
Cimp and the Weiss temperature θimp. The third term
corresponds to so-called temperature-independent paramag-
netism (TIP) which is often considered as a sum of an orbital
diamagnetic core contribution and an orbital paramagnetic
Van Vleck contribution. Evaluation of χex(T) is based on
numerical diagonalization of the spin Hamiltonian
∑ ∑β̂ = − ⃗̂ ⃗ ̂ − ̂
>
H J S S g BS
i j
i j i j
i
i z, e ,
(5)
where Jij is the exchange interaction between sites i and j; ⃗
̂Si is
the spin operator on site i; and g is the effective g value.
First, we fit the data by considering solely the intrapair
exchange pathway J1 in χex(T) (see Figure 7). In this case, the
derived χex(T) corresponds exactly to the well-known
analytical Bleaney−Bowers equation.22
As shown in Figure 9, this leads to accurate fitting results
with J1 = −26 cm−1. When in accordance with the DFT results,
the interdimer exchange J2 is introduced to the model, which
leads to minor improvement of the simulation (see Figure S5,
Supporting Information), though the correct value of J2 cannot
be unambiguously determined. In light of the reported EPR
results, it is also interesting to focus on the impurity-related
term in eq 4. It can be assumed that the only kind of impurity
present in the crystal is the monomer Cu2+ ion species B with
electron spin S = 1/2. In this case, the total concentration of
species B can be assessed from the Curie constant Cimp. The fit
of the experimental data (Figure 9) provided Cimp = 0.09 cm3
K mol−1.
If we define a fraction f of formula units containing these


















Taking their average g factor of gav = 1/3(gxx + gyy + gzz) =
2.153 one obtains a total fraction of Cu2+ species B of about
15%. This value is in a very good agreement with the sum of
the relative concentration Krel of these species as obtained from
the EPR experiments (Table 1).
■ DISCUSSION
The EPR experiments of asCu revealed the existence of an S =
1 species related to exchanged coupled Cu2+ pairs in the MOF
∞
3 [Cu(prz−trz−ia)]. The cupric ions in these pairs are
contributing approximately 85% of the total concentration of
Cu2+ in our sample. In addition, EPR intensity and magnetic
susceptibility measurements proved that the majority of the
Cu2+ ions are af coupled with an exchange coupling constant J1
= −26 cm−1. Our DFT calculations lead exactly to such an
exchange coupling constant for the dominating intrapair
coupling pathway between the two nearest Cu2+ ions from
the centrosymmetric dinuclear metal ion unit in the
∞
3 [Cu(prz−trz−ia)] framework. There, the two cupric ions
are connected by the triazole rings with a Cu−Cu distance of
rCu−Cu = 0.415 nm which in turn translates into a magnetic
Figure 9. Temperature dependence of molar magnetic susceptibility
χ(T) (crosses, left axis) and inverse susceptibility χ−1(T) (circles,
right axis) of asCu. Dashed lines illustrate the fit of χ−1(T) by the
Curie−Weiss law (eq 3) within high-temperature (blue) and low-
temperature (green) regions. The fit of χ(T) by eq 4 within the whole
temperature range is shown by a solid red curve.
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dipole coupling of Ddip = 0.0459 cm
−1 between the two

















Assuming that the axial zfs parameter D is simply determined
by Ddip and the isotropic intrapair exchange interaction, D =
Ddip + Dex(J1), the experimentally determined parameter D
together with Ddip allows us to estimate an exchange coupling
























in good agreement with the magnetic susceptibility measure-
ments as well as the DFT calculations (Table 2). We may
further compare the EPR parameters of species A with those
obtained for the structurally closely related Cu2+−Cd2+
dinuclear metal ion unit in the MOF ∞
3 [Cd0.98Cu0.02(prz−
trz−ia)].37 Here, like in asCu, the two metal ions are
connected by the triazole rings where each ion is likewise
coordinated to three nitrogen and two/four oxygen ligand
atoms. The g tensor principal values gxx and gzz of the S = 1
state of the af coupled Cu2+ pair are very similar to the results
for the Cu2+−Cd2+ dinuclear mixed metal ion units (Table 1).
However, due to the multifrequency EPR experiments we
applied here in our study of the ∞
3 [Cu(prz−trz−ia)] MOF, the
orthorhombic distortion of the g tensor of the framework
cupric ions could be resolved. We have to note that such an
orthorhombic g tensor has been predicted by DFT calculations
for a Cu2+−Cd2+ mixed metal ion pair in ∞3 [Cd0.98Cu0.02(prz−
trz−ia)] but could not be verified by the X-band experiments
employed in this former work.37 A good accordance was also
found for the principal values of the copper hf coupling tensor
ACu where the values of the copper pairs (Table 1) are
approximately half of those for the Cu2+−Cd2+ unit (Table 1)
as the copper hf interaction is halved due to the exchange
interaction in the limit J > Aii
Cu.63 Finally, we may briefly
discuss the orientation of the zfs tensor of the copper pair,
which is expected to point with its symmetry axis (z axis) along
the Cu2+−Cu2+ direction in the pair. The EPR spectral
simulations of the pair spectrum revealed an angle of about β =
50° between the z axes of the g and zfs tensor. The orientation
of the z-axis of the tensor g of the Cu2+−Cd2+ in
∞
3 [Cd0.98Cu0.02(prz−trz−ia)] has been previously determined
by single-crystal EPR experiments.37 It is justified to assume
that the g tensors of the af coupled Cu2+ pairs in the
∞
3 [Cu(prz−trz−ia)] framework are oriented in the same way.
Then, the z axes orientations of the zfs tensor of their S = 1
state that are in agreement with the EPR results are lying on a
cone about the gzz axis with an opening angle of 50°. This leads
to the smallest possible angle between the symmetry axis of the
zfs tensor and the Cu2+−Cu2+ direction in the pair of about
17°, which seems to be a reasonable estimate considering the
errors in β (10°, this work) and the experimental
determination of the g tensor orientation (5° in ref 37). On
the basis of the above arguments we can indeed assign the S =
1 species A to the excited spin state of the af coupled Cu2+ ion
pair in the centrosymmetric dinuclear metal ion unit in the
∞
3 [Cu(prz−trz−ia)] framework.
However, the magnetic susceptibility and EPR measure-
ments revealed that a substantial part of the cupric ions in
asCu of about 15% do not form regular copper pairs but other
paramagnetic cupric ions species B with electron spin S = 1/2.
In addition if we know value of J, then the ratio between
extraframework agglomerates of Cu2+ ions (NB) and cupric



























Here exchange coupling J = −23 was determined from
temperature dependence of the total inverse relative EPR
signal intensities IEPR
−1 of species A and B.
The ratio NB/NA = 0.129 (NA = 88% and NB = 12%)
corresponds well with magnetic susceptibility measurements,
EPR spectroscopy, and DFT computations.
The g value of the Cu2+ species B falls into the typical range
of average or isotropic gav values for this transition metal ion.
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Its almost isotropic EPR signal (Figure 2d) is indicative for
strong exchange narrowing processes as the peak to peak line
width ΔBpp = 15 mT is considerably smaller than the expected
spectral width of a Cu2+ powder pattern of about 60 mT in an
X-band EPR experiment. Therefore, we tentatively assign
species B to agglomerations of extraframework Cu2+ ions.
According to the EPR results these extraframework Cu2+ ions
account for a surprisingly large number of about 15% of the
total copper ions in our sample of MOF ∞
3 [Cu(prz−trz−ia)]
which could not be detected in the single-crystal X-ray
structure determination.26
■ CONCLUSIONS
The magnetic properties of the MOF ∞
3 [Cu(prz−trz−ia)] have
been investigated in detail through multifrequency cw EPR
spectroscopy and magnetic susceptibility measurements and
comparison with models predicted by DFT calculations. The
EPR experiments revealed the existence of two distinct copper
species. The majority of 85% of the cupric ions forms pairs,
where the two metal ions are antiferromagnetically coupled via
the triazole rings with an isotropic exchange coupling J1 = −26
cm−1. We would like to emphasize that magnetic susceptibility
measurements provided an intrapair exchange coupling
constant in excellent agreement with the value proposed by
DFT computations. In addition, a comparable value for J1
could be estimated from the zfs parameter D of the S = 1 state
of the pair. From the experimental and theoretical results
presented in this work it follows that the magnetic interactions
at temperatures above ∼ 50 K are dominated by the intrapair
coupling J1. Interpair exchange couplings with Cu
2+ ions from
neighboring pairs are 1 order of magnitude smaller and do not
significantly contribute to the susceptibility of the ∞
3 [Cu(prz−
trz−ia)] framework. At lower temperatures the magnetic
properties are governed by extraframework agglomerates of
Cu2+ ions (15% of the total copper amount) leading to
paramagnetic characteristics of the MOF.
Finally, we like to outline the advantages of such a combined
approach of magnetic susceptibility measurements, EPR
spectroscopy, and DFT computations for studies of magnetic
properties of MOF materials. The theoretical methods lead to
numerical estimates for the exchange coupling parameters of
the idealized MOF structure and may provide valuable insight
into the magnetic coupling mechanisms and the efficiency of
the various exchange paths. However, real MOF materials may
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feature a variety of imperfections including structural defects
and extraframework species. The impact of these distortions of
the idealized framework structure on the magnetic sample
properties can be mapped by susceptibility measurements that
provide information about the overall concentration of the
magnetic defect centers. EPR spectroscopy is a powerful tool
to explore on one hand the magnetic properties of framework
ions and on the other hand the microscopic nature of magnetic
defects and extraframework species. In the case of the presence
of magnetic framework ions together with paramagnetic
defects and extraframework species, a multifrequency EPR
approach is of particular benefit as it allows for straightforward
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(38) Mendt, M.; Šimenas, M.; Pöppl, A. Electron Paramagnetic
Resonance. In The Chemistry of Metal-Organic Frameworks: Synthesis,
Characterization, and Applications; Wiley-VCH, 2016; pp 629-656.
(39) Veber, S. L.; Fedin, M. V.; Potapov, A. I.; Maryunina, K. Y.;
Romanenko, G. V.; Sagdeev, R. Z.; Ovcharenko, V. I.; Goldfarb, D.;
Bagryanskaya, E. G. High-Field EPR Reveals the Strongly Temper-
ature-Dependent Exchange Interaction in “Breathing” Crystals
Cu(hfac)2LR. J. Am. Chem. Soc. 2008, 130, 2444−2445.
(40) Neugebauer, P.; Bloos, D.; Marx, R.; Lutz, P.; Kern, M.; Aguila,̀
D.; Vaverka, J.; Laguta, O.; Dietrich, C.; Cleŕac, R.; et al. Ultra-
Broadband EPR Spectroscopy in Field and Frequency Domains. Phys.
Chem. Chem. Phys. 2018, 20, 15528−15534.
(41) Stoll, S.; Schweiger, A. EasySpin, a Comprehensive Software
Package for Spectral Simulation and Analysis in EPR. J. Magn. Reson.
2006, 178, 42−55.
(42) Cococcioni, M.; de Gironcoli, S. Linear Response Approach to
the Calculation of the Effective Interaction Parameters in the LDA+U
Method. Phys. Rev. B: Condens. Matter Mater. Phys. 2005, 71, 35105.
(43) Giannozzi, P.; Baroni, S.; Bonini, N.; Calandra, M.; Car, R.;
Cavazzoni, C.; Ceresoli, D.; Chiarotti, G. L.; Cococcioni, M.; Dabo,
I.; et al. QUANTUM ESPRESSO: a Modular and Open-Source
Software Project for Quantum Simulations of Materials. J. Phys.:
Condens. Matter 2009, 21, 395502.
(44) Perdew, J. P.; Burke, K.; Ernzerhof, M. Generalized Gradient
Approximation Made Simple. Phys. Rev. Lett. 1996, 77, 3865−3868.
(45) Neese, F. Software Update: the ORCA Program System, Version
4.0. Wiley Interdiscip. Rev.: Comput. Mol. Sci. 2018, 8, e1327.
(46) Becke, A. D. Density-Functional Exchange-Energy Approx-
imation with Correct Asymptotic Behaviour. Phys. Rev. A: At., Mol.,
Opt. Phys. 1988, 38, 3098.
(47) Becke, A. D. Density-Functional Thermochemistry. III. The
Role of Exact Exchange. J. Chem. Phys. 1993, 98, 5648.
(48) Lee, C.; Yang, W.; Parr, R. G. Development of the Colle-
Salvetti Correlation-Energy Formula into a Functional of the Electron
Density. Phys. Rev. B: Condens. Matter Mater. Phys. 1988, 37, 785.
(49) Neese, F. Prediction and Interpretation of the 57Fe Isomer Shift
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Electron Paramagnetic Resonance with Dielectric Resonators of
Mononuclear Cu2+ Ions in a Metal−Organic Framework Containing
Cu2 Paddle Wheel Units. J. Phys. Chem. C 2015, 119, 19171−19179.
(57) Friedlan̈der, S.; Petkov, P. St.; Bolling, F.; Kultaeva, A.;
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Dinuclear Copper and Zinc Complexes of a Hexaazamacrocycle
Containing p-xylyl Spacers and Bridging Anions: Theoretical and
Spectroscopic Studies. Dalton Trans 2003, 22, 4261−4270.
(62) Smith, D.; Pilbrow, J. R. The Determination of Structural
Properties of Dimeric Transition Metal Ion Complexes from EPR
Spectra. Coord. Chem. Rev. 1974, 13, 173−278.
(63) Manjunath, C. V.; Srinivasan, R. Hypefine Structure in the ESR
Spectra of Exchange-Coupled Pairs-Copper Diethyldithiocarbamate. J.
Magn. Reson. 1977, 28, 177−180.
The Journal of Physical Chemistry C Article
DOI: 10.1021/acs.jpcc.8b08327




A Multifrequency EPR, SQUID, and DFT Study of 
Cupric Ions and their Magnetic Coupling in the 
Metal –Organic Framework Compound 
𝐶𝑢 𝑝𝑟𝑧 − 𝑡𝑟𝑧 − 𝑖𝑎*+  
Anastasia Kultaeva,a  Timur Biktagirov,b  Petr Neugebauer,c Heiko Bamberger,d  Jens 
Bergmann,e  Joris van Slageren,d  Harald Krautscheide  and Andreas Pöppla* 
aUniversity Leipzig, Faculty of Physics and Earth Science, Linnestrasse 5, 
D-04103 Leipzig, Germany 
bUniversity Paderborn, Physics Department, D-33098 Paderborn, Germany 
cCentral European Institute of Technology, CEITEC BUT, Technická 3058/10, Brno, Czech 
Republic 
dInstitut für Physikalische Chemie, Universität Stuttgart, Pfaffenwaldring 55, D-70569 
Stuttgart, Germany 
eUniversität Leipzig, Faculty of Chemistry and Mineralogy, Johannisallee 29, 
















Figure S1. Second derivative of X-band EPR spectra of asCu powder recorded at 20 K showing 








Figure S2.  X-band EPR spectra of asCu  powder recorded at 16 K showing the hf splitting 
pattern at the low field side of the ΔmS = ± 2 transition. The simulations provided at two 
different values of angle β. 
Figure S3.  X-band EPR spectra of asCu  powder recorded at 16 K showing the hf splitting 
pattern at the low field side of the ΔmS = ± 2 transition. The simulations provided at two 




Figure S4. (A) The dependence of the exchange constants calculated with DFT+U on the on-
site Hubbard U parameter as illustrated for the two strongest couplings, J1 (left) and J2 (right). 
The data is presented along with the values calculated with all-electron DFT for the molecular 
fragments described in the main text (horizontal dashed line). (B) Schematic representation of 
two af spin configurations which were used besides fm to estimate J1 and J2 in these test 
calculations (by noticing that J4-7 are vanishingly small and J3 has a zero coefficient in the 
expressions for EAFM1,2 − EFM, thereby leading to EAFM1 − EFM = 2J1 and EAFM2 − EFM = 2J1 + 
2J2). 







Figure S6. Comparison between temperature dependence of molar magnetic susceptibility χ(T) 
(empty circles, left axis) and the total relative EPR signal intensities IEPR of asCu recorded at X-
band (filled circles, left axis). The broken lines illustrate fits of the high-temperature regions of 




Selective gas adsorption of alkane/alkene in the MOF 
compound Cu2.97Zn0.03(btc)2 as studied by EPR 
 
MOFs can be used in such a classical industrial problem as the separation of alkanes 
and alkenes. In the two papers below, the CW and pulse EPR study reveals that the impressive 
alkane/alkene separation abilities of HKUST-1 MOFs rely upon the selective binding of alkenes 
at the unsaturated Cu2+ metal ion sites through the interaction with the alkene π-system. 
Paper III: “Selective Gas Adsorption of Alkane/Alkene in a Single-Crystal and Powder 
Bimetallic Metal–Organic Framework Compound Cu2.97Zn0.03(btc)2 Studied by Electron 
Paramagnetic Resonance” 
The first article is devoted to the powder and single-crystal CW EPR study of the gas-loaded 
powder samples and single crystals of Cu2.97Zn0.03(btc)2. The single-crystal X-band EPR 
measurements employed dielectric resonators with high dielectric permittivity that provides 
high signal-to-noise ratio and allows for investigation of submillimeter crystals. With this set-
up gas adsorption experiments at low temperature were performed. As a result, the changes of 
the Cu2+ coordination indicating the complex formation with the adsorbed alkenes was 
revealed, whereas no direct interaction with alkanes was observed. 
Paper IV. “Adsorption of Olefins at Cupric Ions in Metal−Organic Framework HKUST-1 
Explored by Hyperfine Spectroscopy” 
In the second paper, the results of atomic-scale structural characterization of olefin molecules 
adsorbed at the open metal sites of MOF HKUST-1 by means of hyperfine spectroscopy are 
presented. By using ENDOR and HYSCORE spectroscopy, the interaction between the electron 
spins of the Cu2+ sites of MOF and the 1H nuclear spins of adsorbed C2H4 and C4H8 was 
detected. The analysis of the measured spectra allows to precisely locate the protons in the 
vicinity of the Cu2+ ions and, thereby, establish ensemble-averaged structural models of the 
olefin molecules adsorbed at the open Cu2+ metal sites the mixed-metal Cu/Zn paddle-wheel 
units of HKUST-1.  
Selective Gas Adsorption of Alkane/Alkene in a Single-Crystal and
Powder Bimetallic Metal−Organic Framework Compound
Cu2.97Zn0.03(btc)2 Studied by Electron Paramagnetic Resonance
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and Andreas Pöppl†
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Leipzig, Germany
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ABSTRACT: The metal−organic framework HKUST-1 is an attractive material for gas storage and gas separation applications
because of its large surface area and high pore volume, and the presence of coordinatively unsaturated (cus) cupric ion sites. We
investigated the interaction of alkenes and alkanes (ethene, 1-butene, ethane, and butane) with Cu2+ ions in their Zn-doped
variant Cu2.97Zn0.03(btc)2 by continuous-wave electron paramagnetic resonance spectroscopy. Powder and single-crystal
experiments revealed a characteristic change of cupric ion coordination from square planar to square pyramidal for the
adsorption of ethylene and 1-butene and confirmed the formation of adsorption complexes at the cus sites of the Cu2+ ion in the
mixed metal ion Cu−Zn paddle wheel (PW) units. Quantum chemical calculations based on density functional theory
established a weak specific interaction between alkene π-orbitals and Cu2+ ions in a side-on coordination geometry. In contrast,
no direct interaction between alkanes and the metal ions was found for this porous material. However, adsorption of ethane and
n-butane leads to significant strain effects in the HKUST-1 framework which can be indirectly sensed by the cupric ions in the
paramagnetic Cu−Zn PW units.
■ INTRODUCTION
During this century, the interest in metal−organic framework
(MOF) compounds has been rapidly growing.1 Generally,
MOFs contain two basic structural building units, metal ions or
metal ion clusters connected by organic linker molecules,2 and
form crystalline three-dimensional (3D) frameworks with large
pore diameters and inner surfaces. Therefore, MOFs are very
attractive potential candidates for a variety of gas storage and
gas separation applications.3−5 In many cases, transition metal
ions (TMIs) are used in MOF synthesis. Because many TMIs
are catalytically active, MOF materials also exhibit interesting
properties for heterogeneous catalytic applications.6,7 This is,
in particular, true if the MOF framework features coordina-
tively unsaturated (cus) TMI sites.8−12 The coordination of
such framework TMI species is usually fully saturated by the
additional binding of solvent molecules to the metal ions in the
as-synthesized MOFs. An activation of the framework at
moderate temperatures may remove the solvents, and a
catalytically active cus site arises. MOFs with cus TMI sites
are also of specific interest for gas storage and gas separation
applications because of the preferred adsorption of specific
gases at these metal ion sites. In particular, MOFs can be used
for classical processes such as the separation of alkanes and
alkenes13−15 and storage of, for example, acetylene.16 Here, the
impressive alkane/alkene separation abilities of MOFs relie
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upon selective binding of alkenes at cus TMI sites through the
interaction with the alkene π-system.17
One of the most well-known MOFs with cus TMI sites is
Cu3(btc)2 (btc
2− = benzene-1,3,5-tricarboxylate), also called
HKUST-1.13,18 The structure of HKUST-1 belongs to the
Fm3̅m space group and is illustrated in Figure 1.18 The
framework contains antiferromagnetically coupled Cu2+ ion
pairs in paddle wheel (PW) secondary metal ion building units,
which are connected with each other by btc linker molecules,
and forms a regular three-dimensional network with well-
defined pores. There are altogether 24 PW units in the
elementary cell of HKUST-1, which form six magnetically
inequivalent groups of PW units. The formed pores have two
different sizes with diameters of about 7 and 9 Å as measured
between the oxygen atoms of oppositely lying PW units. The
cupric ions in the PW units are coordinated by carboxylate
groups to form a square. Solvent molecules such as H2O bind
weakly to the residual axial binding sites of the Cu2+ ions,
where the water molecules point into the large open cages of
the HKUST-1 framework.13,18 These axially coordinating
water molecules can be easily removed from the TMI by a
heat treatment at moderate temperatures of about T ≈ 400 K
in vacuum to form easily accessible cus Cu2+ sites in HKUST-
1.19
Besides X-ray adsorption spectroscopy18 and infrared
spectroscopy employing Lewis base probe molecules,19
electron paramagnetic resonance (EPR) spectroscopy is a
major spectroscopic technique to explore cus TMI sites in
MOF materials.17,20,21 However, the latter is restricted to the
paramagnetic TMI. In HKUST-1, the cupric ions can be
partially substituted by diamagnetic Zn2+ ions to form
binuclear Cu−Zn PW building units.17 Otherwise, the two
antiferromagnetic coupled cupric ions in the PW units give rise
to a ground state with total electron spin S = 0 and a thermally
populated excited S = 1 state at T ≥ 100 K. Such Cu−Cu PW
units unfavourable EPR properties (short relaxation times and
large line widths),20 Cu−Zn PW is paramagnetic with an S =
1/2 ground state and thus accessible by EPR spectroscopy at
low temperatures with high electron spin polarization. The
EPR investigations of such Cu3−xZnx(btc)2 MOFs with
isovalent Cu2+ substitution by Zn2+ ions in a low concentration
were described in detail in previous articles.21,22 In these
articles, EPR studies clearly revealed the removal of the axial
water molecule from the cupric ion in the Cu−Zn PW units
upon activation and the formation of cus Cu2+ sites.
Furthermore, the adsorption of CO, CO2,
21,22 and
CH3OH
19,22 at Cu2+ cus sites in subsequent adsorption
experiments on powder materials and single crystals has been
successfully proved by a combination of continuous wave
(CW) and pulsed EPR spectroscopy.
Even though the adsorption of CH3OH, CO, CO2, and
nitroxides at the cus cupric ion sites of HKUST-1 has been
studied in detail by EPR spectroscopy,19,21−24 a comprehensive
characterization of the coordination environment of the cupric
ions in the case of alkane and alkene adsorption experiments is
still desired to verify spectroscopically the preferred adsorption
of alkenes at the Cu2+ cus sites of HKUST-1. In this work, we
explore the gas-phase adsorption of small alkanes and alkenes
such as C2H4, C4H8, C2H6, and C4H10 at the framework and
Cu2+ ions of the Cu−Zn PW in Cu2.97Zn0.03(btc)2 single
crystals and powder materials by X-band CW EPR spectros-
copy supported by density functional theory (DFT) calcu-
lations. Through the experimental studies, different mecha-
nisms of interaction between the copper cus sites and the
alkane/alkene adsorbates were observed. Using the EPR
experiments on powder samples, information about coordina-
tion geometry of the formed copper−adsorbate complexes was
obtained. In addition, single-crystal EPR studies of the formed
paramagnetic adsorption complexes were employed to
determine the orientation of magnetic tensors. In our X-band
EPR measurements of small MOF single crystals, we employed
dielectric resonators (DRs) with high dielectric permittivities
(εr ≈ 80) inserted together with the crystal in a conventional
EPR sample tube.20,22 This simple setup ensures a sufficiently
high signal-to-noise ratio in X-band EPR spectroscopy together
with the opportunity for gas adsorption experiments at low
temperatures.
■ EXPERIMENTAL SECTION
Powder and Single-Crystal Preparation. The Zn2+-
substituted material of Cu2.97Zn0.03(btc)2 was synthesized by a
solvothermal synthesis as described in detail elsewhere.22
Cu(NO3)2·3H2O (0.780 g, 3.23 mmol) and Zn(NO3)2·3H2O
(0.108 g, 0.36 mmol) were dissolved in 15 mL 1:1 mixture of
H2O and ethanol and mixed with trimesic acid (0.420 g, 2.00
mmol) in a Teflon vessel, and the mixture was placed in an
autoclave, heated to 398 K within 48 h, maintained this
temperature for 12 h, and cooled to room temperature within
24 h. The obtained product was filtered, washed with water
and ethanol, and thereafter Soxhlet-extracted with ethanol for 3
days.22 For characterization, single-crystal X-ray diffraction
measurements confirmed the proper HKUST-1 crystal
structure for the Zn2+-doped crystals. The exact amount of
the realized Zn2+ substitution was determined to be x = 0.035
by inductively coupled plasma−optical emission spectroscopy.
The crystals have a tetrahedral shape with side lengths ranging
from 200 to 400 μm. The faces of the tetrahedrons are formed
by the crystallographic (111) planes allowing for their simple
orientation in the single-crystal EPR experiments.
Single-Crystal CW EPR. The Cu2.97Zn0.03(btc)2 single
crystals were placed with their (111) face on a quartz glass
holder of 0.5 mm diameter. In this preferable orientation, the
[111] crystallographic axis coincides with the axial symmetry
axis of the EPR sample tube. The crystals were fixed with two-
component epoxy glue, which does not provide any detectable
EPR signals even after activation and gas adsorption experi-
ments. Only one face of the crystal was covered by the glue
leaving the other faces freely exposed for dehydration, gas
adsorption, and desorption experiments. Then, the crystal was
Figure 1. Schematic representation of (a) the Cu3(btc)2 framework
showing the entrance to the larger window with a diameter of 9 Å and
(b) the Cu2+ ion PW building unit. Only the oxygen atoms of the
water molecules binding axially to Cu2+ are shown here.
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inserted in a DR type K80-H25 with a height of 2.6 mm and a
diameter of 3.4 mm and both together were fitted into a
standard EPR sample tube with an inner diameter of 4 mm.
The whole setup including the EPR sample tube, vacuum
valve, DR, and mounted single crystal was rotated around one
of the crystal [111] axis with a conventional goniometer. The
CW EPR measurements were carried out using a Bruker
EMXmicro X-band spectrometer (∼9.41 GHz) equipped with
a Bruker ER4119HS cylindrical cavity resonator. For low-
temperature measurements, an Oxford ESR 900 flow cryostat
was used. Thereby, it was taken into account that rapid cooling
and heating during EPR measurements limited the possibility
of reuse of the single crystals and often resulted in their
destruction. Only, moderately slow cooling and heating rates of
about 500 K h−1 prevented the destruction of the
Cu2.97Zn0.03(btc)2 crystals.
22 All the spectra were recorded at
a sample temperature of T = 10 K with a modulation
amplitude of 0.5 mT and a microwave power of 0.2 mW.
Simulations of EPR spectra have been created by the
EasySpin26 package for MATLAB.
Gas Adsorption in Single Crystals and Powder
Samples. Before gas adsorption, single crystals and powder
samples were activated at 393 K in vacuum for 24 h. After
activation, in the case of powder samples, gases were adsorbed
at 77 K. Gas adsorption in single crystals was done at room
temperature. After adsorption of the respective gases, the EPR
tubes were sealed immediately at 77 K. In the following, the
activated single crystals and powders are denoted as 1c(act)
and 1p(act), respectively. The single-crystal samples loaded
with ethene, 1-butene, ethane, and butane are labeled
accordingly as 1c(C2H4), 1c(C4H8), 1c(C2H6), and 1c-
(C4H10). The corresponding powder samples are referred to
as 1p(C2H4), 1p(C4H8), 1p(C2H6), and 1p(C4H10).
Computation Details. Gas-loaded structure modeling and
calculations of Cu2+ g− and A− hyperfine (hf) tensors were
performed using a DFT approach using Orca software.27 For
calculations, the hybrid meta-GGA TPSSh functional28 with
the resolution of the identity and chain sphere approximation
(RIJCOSX) for Coulomb and exact exchange29 was used. The
def2-TZVP basis set was applied for all the atoms with
matching auxiliary basis. The zero-order regular approximation
(ZORA) was adopted to include scalar-relativistic effects,30−32
and the D3 correction was used to describe dispersion
interactions. In order to increase the accuracy of numerical
integration, an increased integration grid was used for the
copper ion during calculation of the EPR parameters.33
A hydrogen-terminated cluster was cut from the crystal
structure of HKUST-1 in order to model the adsorption
complexes of the alkenes C2H4 and C4H8 with the Cu
2+ ions.
The cluster contained one Cu−Cu pair along with four btc
ligands. This simple cluster model is commonly used to
explore the interaction of the metal ions in Cu3(btc)2 with the
adsorbed molecules.34,35 Therefore, we expect it to be suitable
for modeling local effects of the selected gases on the EPR
parameters of Cu2+.
In order to model the binuclear Cu−Zn PW unit, one Cu2+
ion in the cluster was substituted by Zn2+ and the geometry of
the cluster was optimized. During the structural optimization,
the coordinates of the terminal atoms were constrained to
avoid finite-size effects. After that, the alkene ligands were
introduced in the vicinity of the Cu2+ ion followed by the next
step of constrained geometry relaxation. Different starting
geometries of the absorbates were considered, and the most
stable structures were determined. For these structures, the
EPR parameters were calculated.
■ RESULTS
Gas-Loaded Powder Samples. Figure 2a displays the
experimental X-band CW EPR spectrum of dehydrated
powder sample 1p(act) at T = 7 K. The EPR spectrum
exhibits the well-resolved signal of an S = 1/2 electron spin
system interacting with a single nuclear spin I = 3/2.
Slightly different hf splitting (hfs) from the two copper
isotopes 63Cu and 65Cu can be resolved at the low field g|| edge
singularity of the cupric ion EPR powder spectrum.19
The experimental spectrum was then fitted by simulation
using a spin Hamiltonian operator
g AH S B S ICue
Cu
β̂ = ⃗·̂ · ⃗ + ⃗ ̂ ⃗ ̂ (1)
where βe is Bohr’s magneton; B⃗ is the external magnetic field
vector;S
Cu
⃗ ̂ and I
Cu
⃗ ̂ are the electron and copper nuclear spin
operators, respectively; g is the electron g tensor; and ACu is
the copper hfs tensor referring to the 63Cu isotope.
The simulation of the copper EPR powder pattern of the
dehydrated activated sample 1p(act) at 7 K provided axially
symmetric tensors g and ACu. The corresponding principal
values of g and ACu are summarized in Table 1 and agree with
previously published data of activated Cu2−xZnx(btc)2
materials.19,22 In the simulation, we assumed an anisotropic g
strain with distribution widths Δgxx,yy = 0.003 and Δgzz =
0.007. The effects of a correlated distribution of the gzz and Azz
principal values of the g and ACu tensors (i.e., anticorrelated g
and A strain) which are typically observed for Cu2+ EPR
powder spectra36 do not seem to be present in our case of
Figure 2. Experimental (black lines) and simulated (red lines) X-band
CW EPR spectra at T = 7 K (a) 1p(act), (b) 1p(C2H4), (c)
1p(C4H8), (d) 1p(C2H6), and (e) 1p(C4H10). For simulation
parameters, see Table 1. The vertical blue lines are guide to the
eyes to visualize the spectral changes in the gzz spectral region of the
Cu2+ powder spectra.
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Cu2.97Zn0.03(btc)2, indicating a very uniform undistorted
copper coordination environment. Additionally, a comparison
between the experimental and simulated spectrum of 1p(act)
displays a very broad isotropic signal at about B = 315 mT
superimposed with a resolved hfs from the cupric ion EPR
powder pattern. The field position of the broad signal
corresponds to a g value of g ≈ 2.14. As previously suggested,
we associate this signal with extraframework-agglomerated
cupric ion species.19
Figure 2b,c presents the experimental 7 K CW EPR spectra
of 1p(act) loaded with ethene and 1-butene gases, that is,
samples 1p(C2H4) and 1p(C4H8), together with the
corresponding simulated spectra. In the simulation displayed
in Figure 2, the broad signal of the extraframework-
agglomerated cupric ion species has not been included.
Only in the case of 1p(C2H4), we considered this broad line
in our simulation procedure and obtained a reasonable fit to
the overall experimental EPR powder spectrum (see Figure S1
in the Supporting Information). The parameters of the
resolved Cu2+ species shown in Table 1 are not affected by
the inclusion of the broad line in the simulation procedure. As
for the 1p(act) sample, hfs from copper isotopes 63Cu and
65Cu is clearly observed at the g|| spectral region of the powder
patterns. However, in the case of the ethene and 1-butene-
adsorbed powder samples, we recognize an increase in the line
width of the copper hfs signals in this g|| spectral region which
we assign to an increase in the g strain parameters Δgxx,yy =
0.009 and Δgzz = 0.001. We note that the line widths in the
case of 1p(C2H6) and 1p(C4H10) are comparable to those of
the activated sample 1p(act).
However, the most important change in the EPR spectra of
1p(C2H4) and 1p(C4H8) versus 1p(act) is the shift of the
signals belonging to the Cu hf transition with the nuclear spin
quantum number MI = ±1/2 at 290 and 308 mT (Figure
2a,b). Indeed, the gzz and Azz
Cu principal values determined by
spectral simulations for ethene and 1-butene-adsorbed powder
spectra manifest a significant difference in comparison with
those observed for the activated sample (Table 1). The
changes in principal values upon adsorption of ethene and 1-
butene versus 1p(act) (increase in gzz and decrease in Azz
Cu)
indicate a distinct modification of the coordination environ-
ment of the Cu2+ ions in the Cu−Zn PW units. Additional
EPR spectra of 1p(C2H4) recorded at T = 110 K likewise
indicate a variation of the coordination environment for the
majority Cu−Cu PW units upon ethylene adsorption. The
thermal population of the excited S = 1 spin state of Cu−Cu
PW is very low at this temperature (less than 10%) and
dipole−dipole and exchange interactions among the copper
pairs do not significantly influence its EPR spectrum.20
Therefore, a weak but resolved powder spectrum of the
excited S = 1 state of the Cu−Cu PW units can be observed,
which exhibits a distinct line broadening for 1p(C2H4) in
comparison with 1p(act) (Figure S13 in the Supporting
Information). However, the low signal-to-noise ratio of this
signal due to the low thermal population of the S = 1 state
prevents more detailed investigation of adsorption processes at
the Cu−Cu PW units by EPR spectroscopy and we explore
alkane and alkene adsorption over HKUST-1 instead of the
Cu−Zn PW units.
In the case of the ethane and butane-adsorbed samples
1p(C2H6) and 1p(C4H10), the EPR powder spectra show an
EPR signal of cupric ion species with S = 1/2 and resolved
copper hfs of the Cu−Zn PW units at T = 7 K (Figure 2d,e),
but with the g and ACu tensors similar to those of the activated
sample (Table 1). In addition, the line width is smaller in
comparison with alkene-loaded powder samples.
Gas-Loaded Single-Crystal Samples. For a later
comparison with the gas-loaded Cu2.97Zn0.03(btc)2 single
crystals, EPR spectra were recorded from dehydrated activated
crystals, sample 1c(act), before gas adsorption. After the
activation process, the single-crystal EPR spectra of 1c(act)
display well-resolved angular dependent signals of several
paramagnetic Cu2+ ion species (see Figure S2 of the
Supporting Information) as reported previously.22 As for the
powder samples, the single-crystal EPR spectra exhibit a typical
pattern of mononuclear Cu2+ ions with hf interaction between
the electron spin S = 1/2 and copper isotopes 63Cu and 65Cu
with the nuclear spin I = 3/2. The experimental angular
dependence of the resonance field positions of 1c(act)
measured in the crystallographic (111) plane (see Figure S3
of the Supporting Information) can be fitted by simulations
with the spin Hamiltonian in eq 1 using the parameters from
the former experiments on activated Cu2.965Zn0.035(btc)2 single
crystals.22 We have to note that principal values of the tensors
g and ACu used here are identical to the results of the powder
sample 1p(act) (Table 1). The simulations revealed collinear g
and ACu tensors.
Table 1. Experimentally Determined Principal Axes Values and Angular Distribution Widths Δα of the g and ACu Tensors of
the Cu Species Together with the Principal Axes Values of g and ACu as Obtained by DFT Calculationsa
sample gzz gxx,yy Azz
Cu/10−4 cm−1 Axx,yy
Cu /10−4 cm−1 Δα/deg
1p(act) 2.281(1) 2.046(1) ±187(2)a ±32(2)a 2(1)
1c(act)
1p(C2H4) 2.310(1) 2.053(1) ±170(2)
a ±25(2)a 4(1)
1c(C2H4)
1p(C2H6) 2.281(1) 2.046(1) ±187(2)
a ±32(2)a 3(1)
1c(C2H6)
1p(C4H8) 2.310(2) 2.053(2) ±174(2)
a ±25(2)a 5(1)
1c(C4H8)
1p(C4H10) 2.281(2) 2.046(2) ±187(2)
a ±32(2)a 5(3)
1c(C4H10)
DFT act 2.1354 2.0362/2.0367 −197 −7/−8
DFT C2H4 2.1467 2.0406/2.0414 −186 5/6
DFT C4H8syn 2.1440 2.0398/2.0413 −189 7/8
aNote that the signs of the principal values of the copper hfs tensor are not resolved in the experiment.
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Next, angular-dependent EPR spectra for a rotation about
the crystallographic [111] axis of HKUST-1 were measured for
the single crystals 1c(C2H4), 1c(C4H8), 1c(C2H6), and
1c(C4H10) with adsorbed ethene, ethane, butene, and butane,
respectively. A selection of these single-crystal spectra is
presented in Figure 3. The corresponding angular depend-
encies of the resonance field positions are illustrated in Figure
4. From the crystallographic point of view, the presented
angular dependence obey the symmetry of the HKUST-1
crystal structure given by the Fm3̅m space group. The [111]
rotational axis corresponds to the three-fold screw axis in the
cubic lattice.
Indeed, one can distinguish two groups of Cu2+ angular
dependencies (denoted as I and II in Figure 4) associated with
the two groups of Cu−Zn PWs units related by the three-fold
screw axis. We have to note that the z principal axis of the
axially symmetric g and ACu tensors of Cu2+ ions in each of
these units coincide with the Cu−Zn direction.19,22
The principal z axes of the three Cu2+ species of type I are
within a plane perpendicular to the [111] axis so that they are
related by 60° rotation around [111]. Therefore, the overall
maximum copper hfs of about 17 mT like in the powder
patterns can be observed for the type I Cu2+ species when the
external magnetic field B coincides with their z principal axis
tensor directions. Accordingly, the angular dependence of the
resonance field positions for this group of Cu2+ species
intersects every 60°. The other three Cu2+ sites, that constitute
group II, are characterized by principal z-axes of their tensors
pointing along the face diagonals of the cubic lattice cell.22
Therefore, they are always tilted with respect to the B field
direction and their overall maximum hfs (17 mT) can never be
observed for rotations about [111]. The angular dependence of
group II are similar to I but are shifted by 30° so that they
exhibit a maximum hfs in the (111) plane (12 mT) when the
group I species have a minimum of their hfs. The orientations
of the tensors g and ACu for all the six magnetically inequivalent
species in terms of their Euler angles are provided explicitly by
Friedla ̈nder et al.22 and are summarized in Table S4
(Supporting Information).
Figure 3. Selected experimental (black) and simulated (red) Cu2+ EPR spectra for gas-adsorbed single-crystal samples for rotation about the
crystallographic [111] axis. The rotation angles were measured with respect to the [211] axis.
Figure 4. Angular-dependent resonance field positions from the samples that adsorbed different gases present the two classes of Cu2+ species I
(blue lines) and II (red lines) measured for a rotation of B0 around the [111] axis (black circles). The angle α = 0° corresponds to B0, aligned along
the crystallographic [211] axis. The blue and red solid lines show the simulated angular dependencies for I and II (for simulation parameters, see
Table 1).
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Overall, the observed angular dependence of the resonance
positions of Cu2+ ions in the gas-loaded samples are found to
be comparable with the results observed for 1c(act) (Figure
S3). This indicates that the gas adsorption process does not
affect the orientation of anisotropic g and ACu tensors of the
Cu2+ ions. In particular, the orientation of g and ACu remains
collinear and does not exhibit deviation from the orientation of
the g and ACu tensors in 1c(act).
The simulation of the angular dependence of the resonance
positions of the Cu2+ single-crystal EPR spectra (solid lines in
Figure 4) of the adsorbed samples has been performed on the
basis of the spin Hamiltonian in eq 1. The obtained principal
values of g and ACu are presented in Table 1 and match the
corresponding values obtained for the gas-loaded powder
samples. This indicates that the same adsorption mechanisms
of the studied gases are characteristic for both the powders and
the single crystals of Cu2.97Zn0.03(btc)2. The obtained Euler
angles describing the orientation of the tensors g and ACu in
these single crystals with respect to the cubic crystal axes (see
Table S4 in the Supporting Information) are identical to those
of the activated sample 1c(act).22
On the other hand, in contrast to the powder samples, the
simulation of the line shape of the single-crystal EPR spectra
(Figure 3) required inclusion of two-line broadening
mechanisms. First, we recognize for the gzz spectral region
(270−324 mT) that the signals at lower fields have a smaller
line width than those at higher fields. This is a typical
indication for the presence of a correlated Gaussian
distribution of the gzz and Azz principal values (i.e.,
anticorrelated g and A strain).22,36 The correlation approx-
imation is employed in the simulations of our single-crystal
spectra, and the determined correlation parameters are
summarized in the Supporting Information (Table S8).
These parameters can be estimated from the simulation of
the spectra with the maximum copper hfs recorded for
rotational angles +25°, where the external field B is parallel to
the z axes of the tensors g and ACu (Figure 4). However, we
found that this model is not sufficient to explain line
broadening thoroughly. The line width of the resonance lines
increases significantly for increasing deviations from this
orientation by rotation of B0 around the crystallographic
[111] axis. This is a typical indication for a distribution of the z
principal axes orientations of the tensors g and ACu , which
constitutes the major broadening mechanism for the single-
crystal spectra. A similar situation was found for CH3OH-,
CO-, and CO2-adsorbed Cu2.97Zn0.03(btc)2 single crystals.
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Therefore, a further Gaussian distribution of the z principal
axes orientations of the g and ACu tensors around the Cu−Zn
direction in the PW unit with a distribution width Δα was
introduced. In this model, the z axes are not uniformly
distributed about the Cu−Zn direction but in such a way that
their projections onto the plane were spanned by the four
oxygen atoms coordinating to the cupric ion point along the
existing four Cu−O bond directions (Figure 5).22 Using both
line-broadening mechanisms the angular-dependent single-
crystal EPR spectra of 1c(C2H4), 1c(C4H8), and 1c(C2H6)
could be simulated in good agreement with the experimental
spectra (Figure 3). The estimated distribution widths Δα of
the angular distributions of the z-axes of g and ACu are given in
Table 1.
A striking difference is observed for the butane-loaded single
crystal 1c(C4H10). Its EPR spectrum shown in Figure 3c
displays a broad signal with g ≈ 2.15 superimposed with the
resolved pattern of the Cu2+ ion in Cu−Zn PW units. A similar
signal was already observed for Cu2.965Zn0.035(btc)2 and
Cu3(btc)2 single crystals after adsorption of CH3OH by
Friedlan̈der et al.22 and was assigned to a further group III of
Cu2+ species. The resonance field and line width of this broad
signal show only a weak unspecific dependence on the
orientation of the crystals with respect to the external magnetic
field (Figure S5a, Supporting Information). Surprisingly, the
signal vanishes completely after re-activation of the butane-
loaded single crystal 1c(C4H10) (Figure S5b, Supporting
Information). The sharp resonance lines of the group I and II
cupric ions species are almost unaffected by the formation and
disappearance of the broad signal and exhibit the expected
behavior. After re-activation, the resonance field positions of
the crystal perfectly reproduce the angular dependence
observed in the initially activated single crystal, 1c(act)
(Figure S6, Supporting Information).
DFT Calculations. In order to support the experimental
results, DFT calculations were carried out on hydrogen-
terminated cluster models containing a binuclear Cu−Zn PW
unit and four btc ligands (DFT-act) (Figure S7 in the
Supporting Information). Axially coordinating C2H4 and C4H8
adsorbate molecules were added to the cluster to form the
models DFT-C2H4 and DFT-C4H8. In the case of 1-butene,
the two skew and syn conformers were considered (see Figure
S9 in the Supporting Information).37 The syn conformer with
model DFT-C4H8syn provided the more stable structure,
which is lower in energy by 0.02 eV versus the DFT-C4H8skew
model of the skew 1-butene conformer. Figure 6 illustrates the
PW unit together with the adsorbed molecule of the geometry-
optimized DFT-C2H4 and DFT-C4H8syn models. The btc
ligands have been omitted for clarity as shown in Figure 6.
In agreement with numerous theoretical results,38−41 our
computations show that the ethene molecule binds to the cus
Figure 5. Schematic illustration of the distribution of the Cu2+ g and
A tensor principal axis orientations (blue; shades indicate Gaussian
weighing) as deduced from simulations of the single-crystal EPR
spectra. The tilting angle distribution Δα is depicted in black.
Figure 6. Schematic representation of the structure of (a) C4H8
adsorption complex model DFT-C4H8syn and (b) C2H4 adsorption
complex model DFT-C2H4 in Cu2.97Zn0.03(btc)2. The dashed lines
indicate the distances from copper to the nearest ligand carbons.
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Cu2+ site of the PW unit and tends to coordinate with the C
C double bond almost perpendicular to the z-axis direction of
the g tensor in a side-on coordination. Notably, despite the
larger size and flexibility of the 1-butene molecule compared to
those of C2H4, the DFT-optimized structure of DFT-C4H8syn
suggests the same specific interaction mechanism.
It is well-known that the interaction of coordinated Cu2+
ions with alkenes and other π-systems is relatively weak, and
their bonding is extensively studied for the case of Cu−Cu PW
units at the quantum chemical level.38 Our calculations reveal
that the adsorption at the Cu−Zn PW unit is driven by the
same bonding mechanisms, as can be discussed within the
Dewar−Chatt−Duncanson model:42 As an illustration, Figure
S12 schematically depicts the σ-type interaction between the
dz2 orbital of Cu
2+ and the highest occupied π-orbital of the
C2H4 molecule, π-highest occupied molecular orbital (π-
HOMO). Upon this interaction, weak σ-donation occurs from
the π-HOMO to the empty 4s orbital of the metal.
On the other hand, as Cu2+ has the d9 electron configuration
and filled dz2 orbital, the antibonding molecular orbital
originating from the copper dz2 and alkene π-HOMO is
occupied by two electrons. Because of this unfavorable
antibonding, the adsorbed alkene molecule cannot approach
the metal close enough to experience the direct overlap of its
lowest unoccupied π* orbital and the dxz (or dyz) orbital of the
copper ion, which leads to a negligible role of π-back-
donation.42,43 The resulting binding energies predicted by our
calculations fall in the same range for both the Cu−Zn and
Cu−Cu-containing clusters (e.g., 26 and 50 kJ/mol,
respectively, in the case of C2H4 adsorption), whereby further
supporting the similarity of the alkene adsorption mechanism
by the Cu−Cu and Cu−Zn PW units.
The corresponding calculated Cu2+ EPR parameters are
listed in Table 1 and show a reasonably good agreement with
the experimental results. No significant difference for the
cupric ion g and ACu tensor parameters were found between
the two models DFT-C4H8syn and DFT-C4H8skew for the 1-
butene adsorption complex (see Table S10 in the Supporting
Information). In particular, the DFT computations reproduce
qualitatively the observed increase in gzz and decrease in the
Azz
Cu parameters upon adsorption of ethene and 1-butene in
comparison with the activated sample. It should be further
noted that the calculations predict minor rhombic distortions
of the Cu2+ tensors g and ACu, which cannot be resolved in the
experiment. The deviation from axial symmetry of the two
tensors is expected for the DFT-C2H4 and DFT-C4H8syn
models because the local C4 symmetry axis at the cupric ion
site in the PW unit around its Cu−Zn direction is destroyed by
the coordinating C2H4 or C4H8 molecule. The estimated tilting
angles between the z axes of the computed g and ACu tensors
and the Cu−Zn direction in PW are close to zero (about 0.0°
for DFT-act, 0.8° for DFT-C2H4, and 0.2° for DFT-C4H8syn).
■ DISCUSSION
The presented results of CW EPR characterization of the gas-
loaded Cu2.97Zn0.03(btc)2 powder and single-crystal samples
provide the unique information about interaction between the
loaded gas molecules and the cupric ion. All the powder and
single-crystal samples show EPR spectra of paramagnetic Cu2+
species form the Cu−Zn PW units. However, EPR parameters
for alkene-loaded samples are very distinct in comparison with
the activated sample and the alkane-loaded ones.
For all the studied gases, it is observed that the average
orientation of g and ACu tensors of the Cu2+ ions is not affected
upon the adsorption process. Indeed, rotation of both the
dehydrated, 1c(act), and gas-loaded, 1c(C2H4), 1c(C4H8),
1c(C2H6), and 1c(C4H10), single crystals with respect to B0 in
the (111) crystallographic plane defines six magnetically
inequivalent Cu2+ sites in accordance with the crystallographic
centrosymmetric cubic space group Fm3̅m. For each magneti-
cally inequivalent Cu2+ species, the symmetry axes (z principal
axes) of g and ACu largely coincide with the Cu−Zn direction
in the mixed metal Cu−Zn PW units,19 and this goes in well
agreement with the simulation of the experimental results.
On the other hand, the Cu2+ spin Hamiltonian parameters
differ for 1c(C2H4), 1c(C4H8), 1c(act), 1c(C2H6), and
1c(C4H10). In particular, an increase in the gzz and gxx,yy and
a decrease in Azz
Cu and Axx,yy
Cu parameters for 1c(C2H4) and
1c(C2H6) in comparison with the other single-crystal samples
were observed, where the changes in gzz and Azz
Cu are most
pronounced. The same effect upon alkene adsorption has been
found for the corresponding powder samples. This clearly
indicates changes of the local cupric ion coordination
environment because of the gas adsorption process with
alkenes. The change in the principal values of the electron
Zeeman and metal ion hf interaction tensors of a paramagnetic
metal ion depends strongly on their coordination environment
and is sensitive with respect to the coordination symmetry and
type of ligand. Upon adsorption of ethene [samples 1p(C2H4)
and 1c(C2H4)], the principal value decreases from Azz
Cu = 187
× 10−4 to 170 × 10−4 cm−1. At the same time, the gzz principal
value increases from 2.28 to 2.31. A comparable effect is
observed after adsorption of 1-butene [samples 1p(C4H8) and
1c(C4H8)]. Such changes of the spin Hamiltonian parameters
of the cupric ions designate changes in their coordination
geometry.44 A decrease of Azz
Cu and an increase in gzz indicate a
distortion of the square planar coordination geometry toward
the square pyramidal. In both cases, adsorption of C2H4 and
C4H8, the rising gzz values are indicative for reduction of the
ligand field splitting Elfs between Cu
2+ 3dxy and the 3dx2−y2
orbitals.45 Taking into account that the z axis of the Cu2+ g
tensor is oriented along the Cu−Zn direction in the PW unit,22
we conclude that C2H4 and C4H8 are axially coordinating to
the cupric ion via the their cus metal ion sites. We emphasize
that the S = 1 spectrum of the thermally excited state of the
Cu−Cu PW units reveal an interaction between ethylene and
the cus site of the cupric ions. Therefore, we assume that the
major characteristics of the alkene interaction with the Cu−Zn
and Cu−Cu PW units are comparable. Finally, we compare the
gzz and Azz
Cu parameters measured here for the Cu2+ ions in the
Cu−Zn PW units with axially coordinating C2H4 and C4H8
(Table 1) with those of the corresponding CO2 (gzz = 2.293,
Azz
Cu = 182 × 10−4 cm−1) and CO (gzz = 2.300, Azz
Cu = 175 ×
10−4 cm−1) adsorption complexes.21 These values imply that
the ligand field splitting Elfs between Cu
2+ 3dxy and the 3dx2−y2
orbitals decreases according to Elfs(act) > Elfs(CO2) > Elfs(CO)
> Elfs(C2H4/C4H8), whereas Elfs can be considered as a
measure for the axial ligand field at the cupric ion site. There
seems to be no obvious correlation with the π acceptor
strength or even adsorption energy of the coordinating
molecule.21
DFT computations were employed on cluster models
containing a binuclear Cu−Zn PW unit and four btc ligands
without [1c(act)] and with axially coordinating ethane, 1-
butene skew, and 1-butene syn conformers in order to shed
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light on the binding structure of the alkene at the cupric ion.
We found for all three investigated cluster models DFT-C2H4,
DFT-C4H8syn (Figure 6), and DFT-C4H8skew (Figure S9a in
Supporting Information) a specific interaction between Cu2+
and the π-orbitals of the alkene with a side-on coordination. In
the case of DFT-C2H4, the C−C double bond of ethylene is
coordinated with its molecular plane perpendicular to a line
toward the Cu2+ ion. The two carbon atoms of C2H4 are
almost at the same distance from the cupric ion (0.260 and
0.261 nm) (Figure 6b) and their double bond is aligned along
one of the two O−Cu−O directions of the PW (Figure S11),
suggesting a local C2 symmetry axis at the cupric ion site in the
PW unit around its Cu−Zn direction for the Cu2+−ethylene
adsorption complex. A very similar geometry was computed for
an acetylene adsorption complex formed at the cus sites of the
Cu−Cu PW units in HKUST-1.16 Likewise, comparable
coordination geometries have been experimentally found by
electron spin echo envelope modulation spectroscopy for
Cu2+−C2H4 adsorbate complexes in copper-exchanged A
zeolites,46 SAPO-17 molecular sieves,47 and on silica
surfaces.48 More recent theoretical investigations using DFT
computations for ethylene adsorption over Cu(110)49 and of
Cu2+−C2H4 adsorbate complexes on a silica surface50 provided
a specific interaction between Cu2+ and C2H4. A similar
orientation of the sp2-hybridized carbon atom fragments and
their π-bond with respect to the Cu2+ ion is observed for the
adsorbate complex models DFT-C4H8syn (Figure 6a) and
DFT-C4H8skew (Figure S9a in the Supporting Information)
of two 1-butene conformers. However, the distances of the two
sp2-hybridized carbon atoms from the Cu2+ ion are distinctly
different (0.254 vs 0.280 nm for DFT-C4H8syn) presumably
because of the interaction of the bulky CH3 group of 1-butene
with one of the four btc linkers. As the model DFT-C4H8syn
appears to be the more stable and both 1-butene involving
models provide basically indistinguishable Cu2+ spin Hamil-
tonian parameters, we will restrict our further discussion of the
Cu2+−1-butene adsorbate complex to the syn conformer.
For both adsorbate complex models DFT-C2H4 and DFT-
C4H8syn, the bonding between the π-orbital of adsorbed
alkene and the copper ion in a side-on coordination is
accompanied by a characteristic change of the computed Cu2+
spin Hamiltonian parameters in comparison with the model
1c(act) corresponding to the activated Cu2.97Zn0.03(btc)2 prior
adsorption, an increase in gzz and a decrease in |Azz| (Table 1).
The parameters gxx,yy and |Axx,yy| change likewise but less
pronounced. These changes in the calculated Cu2+ EPR
parameters reproduce qualitatively the experimentally observed
trend in the Azz
Cu and gzz values upon the adsorption of the
alkene ligand molecules (see Table 1). Accordingly, this
supports convincingly the conclusion from the EPR measure-
ments regarding the binding of ethene and 1-butene at the cus
sites of the cupric ions in HKUST-1 and the formation of
Cu2+−alkene adsorption complexes. However, the absolute
changes in the principal values of the Cu2+ g and ACu tensors
appear to be somewhat underestimated by the DFT
calculations in comparison with the experimental results.
Furthermore, the DFT results show that the coordination of
the alkenes to the cus Cu2+ site does not lead to significant
reorientation of the z principal axes of the copper g and ACu
tensors, which stay oriented along the Cu−Zn direction in PW.
The same orientation of the z principal axes of g and ACu was
derived from the angular dependencies of the resonance line
positions of the experimental single-crystal EPR spectra.
In contrast to alkenes, we do not see any changes in the
experimentally determined Cu2+ g and ACu tensor parameters
upon adsorption of C2H6 and C4H10, indicating no direct
influence of the alkane adsorbents on the Cu2+ coordination
and thus no specific interaction with the metal site. On the
other hand, it was reported that HKUST-1 displays certain
adsorption selectivity for alkanes with, for example, the
strength of adsorption being more than double for n-butane
than for methane.51 In our single-crystal CW EPR results, a
hint for such a preferred alkane adsorption capacity of
HKUST-1 can be found in the reversible appearance of the
broad isotropic EPR signal with g = 2.14 of the group III Cu2+
species observed for 1c(C4H10). Its g value corresponds
roughly to the mean g value of the cupric ions with the
resolved spectrum of 1c(act), 1c(C2H6), and 1c(C4H10). As
the EPR signal of group III species is just present for the n-
butane-adsorbed singe crystal and disappears again after re-
activation, we may rule out its origin in an amorphous impurity
phase attached to the crystal as it is very unlikely that any re-
activation will transform the amorphous phase back to a
crystalline phase. We must rather attribute the group III Cu2+
species to different cupric ions located in the Cu2.97Zn0.03(btc)2
single crystal at a large number of distinct sites. The
orientation and the principal values of the g and ACu tensors
of these sites must differ significantly , resulting in a variety of
overlapping Cu2+ signals and consequently the formation of a
broad unspecific resonance with almost no observable angular
dependence. Such distinct Cu2+ species might be formed by
defective or highly distorted Cu−Zn PW units. We may
speculate that filling of the pores of HKUST-1 by n-butane
exerts a sufficient stress on the MOF framework in such a way
that a part of the Cu−Zn PW units will be highly distorted and
defective PW units are formed. This partial framework
destruction appears to be reversible. We have to note that a
similar broad Cu2+ EPR spectrum was observed not only for
Cu−Zn PW units in Cu2.97Zn0.03(btc)2 but also for Cu−Cu
PW units in the parent Cu3(btc)2 single crystals after
adsorption of CO and CH3OH.
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A careful inspection of the line-broadening effects of the
Cu2+ powder and single-crystal spectra supports the above-
mentioned findings. The powder spectra reveal slightly larger
line widths because of an enhanced g strain for the samples
1c(C2H4) and 1c(C4H8) were alkene coordinates directly to
the cupric ion at their cus site. Obviously, the weak adsorption
complexes formed by C2H4 or C4H8 with the metal ion are not
fully uniform across the HKUST-1 powder and lead to small
variation in the g tensor principal values. If the cus site is not
occupied as for the activated and alkane-adsorbed samples, the
copper coordination geometries are more uniform, and the g
strain effects are less. Otherwise, the line broadening in the
Cu2+ single-crystal spectra are mainly determined by small
deviations of the orientation of the z principal axes of the g and
ACu tensors from the Cu−Zn direction in the PW unit. The
deviations are distributed about this Cu−Zn distribution along
the O−Cu−O bond directions in the PW unit. Here, the
smallest distribution width Δα is obtained for the activated
sample 1c(act), but a direct coordination of the adsorbates as
in the case of alkenes does not necessarily lead to the largest
Δα values (Table 1). We may conclude that bonding of alkene
to the Cu2+ ion alters principal values of the tensors g and ACu
but does not significantly influence the orientation of their
principal axes frame. Surprisingly, we observe the largest
distribution widths Δα in the z principal axes orientations for
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the alkane-adsorbed samples where no direct coordination of
the adsorbates to the cupric ion occurs. We rather assume
again that the filling of the pores without specific adsorption at
the metal ion cus sites leads to strain effects in the MOF
framework that may influence the geometry of PW and in that
way results in a larger variation for the z principal axes
directions of the magnetic tensors of the cupric ions.
■ CONCLUSIONS
The presented CW EPR study of the Cu2+ ions in the
paramagnetic PW units in single crystal and powder samples of
Zn-doped HKUST-1 confirms the key role of cus metal sites
for the enhanced adsorption of alkenes in this MOF material.
For the case study of ethene and 1-butene adsorption, we
demonstrate that the formation of the alkene adsorption
complexes with the Cu2+ ions in the mixed metal Cu−Zn PW
units can be monitored by distinct characteristic changes in the
principal values of the Cu2+ g and ACu tensors. DFT
calculations confirmed the occupation of the cus site of the
metal ion by the adsorbed molecule and revealed a specific
interaction between Cu2+ and the alkene π-orbitals. The
change in the g and ACu tensor principal values upon Cu2+−
C2H4 and Cu
2+−C4H8 π-adduct formation was quantitatively
reproduced by the quantum chemical computation on selected
cluster models. In contrast, alkanes do not interact with the cus
cupric ion sites, and no adsorption complexes with the metal
ions are formed leaving the principal value of the magnetic
tensors of the paramagnetic ions unchanged. However, the
unspecific adsorption of ethane and n-butane leads to strain
effects in the HKUST-1 framework as evidenced by distortions
of the principal axes orientations of the g and ACu tensors of
the Cu2+ ions in Cu−Zn PW and the presumable formation of
severely distorted or even defective Cu−Zn PW units in the
case of n-butane adsorption. We would like to emphasize that
such information about principal axes orientations in general
and their distribution in specific can only be gained from
single-crystal EPR studies and are in principle not accessible by
experiments on powder samples. The latter provides only
information about the principal values of the tensors and their
distribution. Thereby, we have provided atomistic insight into
the technological problem of alkane/alkene adsorption and
separation. Furthermore, we have demonstrated that EPR
spectroscopy can play an important role in the future
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S2
Figure S1. Experimental (black lines) and simulated (red lines) X-band CW EPR spectra at T = 7 K 
of 1p(C2H4),  including the broad signal of extra-framework agglomerated cupric ion species with g 
= 2.14 and  = 2 mT. For other simulation parameters see Table I. ∆𝐵𝑝𝑝
S3
Figure S2. Selected experimental (black) and simulated (red) Cu2+ EPR spectra for activated 1c(act) single 
crystal samples at rotation around the crystalographic [111] axis. Rotation angles were measured with 
respect to the [211] axis.
Figure S3. Angular dependent resonance fields positions from the 1c(act) present the two classes 
of Cu2+ species I (blue lines) and II (red lines) measured for a rotation of B0 around [111] axis (black 
circles). Angles  = 0° corresponds to B0 alligned along the crystalographic [211] axis.  The blue 
and red solid lines show the simulated angular dependencies for I and II (for simulation parameters 
see Table I).
S4
Table S4. Orientations of the principal axes of the g and A tensors of the Cu2+ species of groups 
I and II in all single crystals of Cu2.965Zn0.035(btc)2 with respect to the crystal frame (errors Δϕ 
= Δθ = ±1° )
species φ (deg) θ (deg) group crystal axis
1 45 -90 [110]
2 0 -45 I [101]
3 90 -45 [011]
4 45 90 [ ]110
5 0 45 II [ ]101
6 90 45 [ ]011
Figure S5. a) X-band single crystal EPR spectra of 1c(C4H10) single crystal recorded at 7 K at 
rotation around the crystalographic [111] axis. b) X-band single crystal EPR spectra of 1c(C4H10) 
single crystal after reducing recorded at 7 K at rotation around the crystalographic [111] axis. The 
red color inducate the region where appear broad line of magnetically copper agglomerates upon 
adsorption of butane molecules.
S5
Figure S7. Schematic representation of the hydrogen-terminated molecular cluster cut from the 
periodic structure of HKUST-1 and used for DFT calculations.
Figure S6. Angular dependent EPR spectra of 1c(C4H10) after reactivation at rotation around the 
crystalographic [111] axis.. The spectra were measured at 7 K. The principal values of g and ACu 
used for simulation were adopted from the result obtained for the powder sample 1p(act). 
S6
Anticorrelated g and A strain effects
For the simulations of the CW EPR spectra of gas adsorbed samples we have assumed a 
Gaussian distribution of the  values with a distribution width .  The hf coupling 𝑔𝑧𝑧(𝑖) ∆𝑔𝑧𝑧
parameters  are in first approximation assumed to be correlated with the Gaussian 𝐴𝑧𝑧(𝑖)
distributed values  by 𝑔𝑧𝑧 (𝑖)
𝐴𝑧𝑧(𝑖) =  ― 𝑚 ∙  𝑔𝑧𝑧(𝑖) + 𝑘
where m and k  are fitted to the respective EPR spectra.
Table S8. Correlation parameters m, l of the correlated g and A strain line broadening model 
as used in the simulation of the EPR single crystal spectra.  
sample   ∆𝑔𝑧𝑧 m/10-4cm-1 k/10-4cm-1
1c(act) 0.006 446 1205
1c(C2H4) 0.006 436 1176
1c(C2H6) 0.006 446 1205
1c(C4H10) 0.010 446 1205
1c(C4H8) 0.005 446 1204
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DFT computed 1-butene adsorption complexes for skew and syn conformers
a b
Figure S9. Top view of the schematic representations of the DFT computed 1-butene 
adsorption complexes for the skew and syn conformer models (a) DFT-C4H8skew and (b) 
DFT-C4H8syn.
.
Table S10. Principal axes values of the Cu2+ g and ACu tensors of for the 1-butene adsorption 
complex models DFT-C4H8syn and DFT-C4H8skew as obtained by DFT calculations. 
gzz gxx, yy Azz (MHz) Axx, yy (MHz)
DFT-C4H8syn 2.1440 2.0398/ 2.0413 -566.76 19.91
23.90
DFT-C4H8skew 2.1440 2.0398/ 2.0412 -566.66 20.23
23.99
S8
Figure S11. Top view of the schematic representation of the DFT computed ethene 
adsorption complex model DFT-C2H4 for comparison with Figure S9.
S9
Figure S12. Molecular orbital bonding diagram illustrating the nature of the interaction of 
the highest occupied π orbital of ethene with the occupied 3dz2 and unoccupied 4s orbitals of 
Cu2+ in the Cu/Zn paddle-wheel unit. Percentages indicate the fragment orbital contributions 
to the illustrated bonding orbital.
S10
Fig. S13: Experimental (black) and simulated (red)  X-band EPR spectra of  (a) 1p(act) and (b) 
1p(C2H4) recorded at 100 K. The major signal at about 320 mT from the Cu/Zn PW was cut 
and the spectra were strongly amplified to illustrate the resolved but weak signals of the excited 
S = 1 spin state of the Cu/Cu PW units. The spectrum of 1p(C2H4)  displays a broadening of 
the Bxx,yy singularity of the S = 1 spectrumS1  in comparison with the spectrum of 1p(act) 
indicating the interaction of the ethylene with the cus site of the metal ions in the Cu/Cu PW 
units. In the she simulations of the S = 1 spectra the g tensor parameters were taken from Tab. 
1 and an axially symmetric zero field splitting (zfs) with an axial zfs parameter D = 0.32 cm-1, 
ΔBpp(C2H4) = 30 G and ΔBpp(act) = 8 G was assumed.S2
[S1] Bencini, A.; Gatteschi, D. Electron Paramagnetic Resonance of Exchange Coupled 
Systems, 1st ed.; Springer-Verlag: Berlin, Heidelberg, 1990.
S11
[S2] Pöppl, A.; Kunz,S.; Himsl, D.; Hartmann, M. CW and Pulsed ESR Spectroscopy of Cupric 
Ions in the Metal−Organic Framework Compound Cu3(BTC)2. J. Phys. Chem. C 2008, 112 
(7), 2678–2684.
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11 ABSTRACT: Metal−organic frameworks (MOFs) represent
12 a promising platform for gas storage and separation. In this
13 work, adsorption of olefins in Zn-doped HKUST-1 metal−
14 organic framework is explored with hyperfine spectroscopy.
15 By means of electron−nuclear double resonance and hyper-
16 fine sublevel correlation spectroscopy, we detect the
17 interaction between the electron spins of the Cu2+ sites of
18 the MOF and the 1H nuclear spins of adsorbed C2H4 and
19 C4H8. Further analysis of the measured spectra allows us to
20 precisely locate the protons in the vicinity of the Cu2+ ions
21 and thereby establish ensemble-averaged structural models of
22 the olefin molecules adsorbed at the open metal sites of
23 HKUST-1.
24 Gas storage and separation in porous metal−organic25 framework (MOF) materials is an exciting technology
26 that has been attracting significant attention in recent years.1 In
27 the chemical industry, one of the prime examples is the
28 separation of hydrocarbons, such as olefin/paraffin mixtures
29 (ethene/ethane, butene/butane, etc.) produced by cracking
30 long-chain hydrocarbons.2 The molecules constituting such
31 mixtures exhibit similar sizes and physical properties, which
32 makes them extremely challenging to separate. Application of
33 porous MOF adsorbents for this problem has exceptional
34 advantages compared to conventional distillation technologies,
35 because it profits from selective specific chemical interactions
36 between the carbon−carbon double bond of olefins with open
37 metal sites in the MOF.3−11
38 For efficient technological applications, however, a detailed
39 understanding of the metal−olefin interaction mechanisms is
40 required. In this work, we employ electron−nuclear hyperfine
41 spectroscopy and provide atomic-level insight into the
42 adsorption of olefins at the open metal sites of the MOF
43 HKUST-1. In particular, we explore the adsorption of ethene
44 and 1-butene with pulsed electron−nuclear double resonance
45 (ENDOR) and hyperfine sublevel correlation (HYSCORE)
46 spectroscopy. These methods, in conjunction with density
47 functional theory (DFT) calculations, allow us to locate
48 individual nuclei carrying a nuclear spin in the immediate
49 coordination environment of the open Cu2+ sites. By resolving
50 electron−nuclear hyperfine coupling with the nuclear spins of
51the surrounding protons, we establish ensemble-averaged
52atomic-scale images of adsorbed ethene and 1-butene
53molecules.
54HKUST-1 was selected for this study because this material
55offers exciting capabilities for gas adsorption due to its
56robustness and high surface area.3,4 The primitive cell of
57HKUST-1 with the Fm3m space group contains 24
58antiferromagnetically coupled Cu2+ ion pairs in so-called
59paddle-wheel (PW) secondary metal ion building units (with
60six magnetically inequivalent, symmetry-related groups of PW
61units in total). These units are connected by 1,3,5-
62benzenetricarboxylate (btc) linker molecules and form a
63regular three-dimensional network with well-defined pores
64 f1(Figure 1).12,13 The exposed surface of the pore contains 12
65coordinatively unsaturated Cu2+ sites available for olefin
66adsorption. At the same time, we have recently demonstrated
67that each Cu2+ site can be exploited as a spin probe addressable
68by continues wave (CW) electron paramagnetic resonance
69(EPR) spectroscopy and sensitive toward the olefin binding.11
70For EPR studies, however, it is common to use a mixed-
71metal form of the HKUST-1, such as Cu3−xZnx(btc)2, instead
72of the stoichiometric MOF.4,11 The reason is that the strong
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73 Cu−Cu magnetic coupling within each PW unit complicates
74 the analysis of conventional CW EPR spectra and also leads to
75 prohibitively short electron spin relaxation times for pulsed
76 EPR measurements. Substitution of a fraction of Cu2+ by EPR-
77 silent Zn2+ ions creates Cu/Zn PW units while preserving the
78 overall three-dimensional structure and the absorption proper-
79 ties of the MOF.4,11 The magnetically isolated Cu2+ in the Cu/
80 Zn unit is, thus, a perfectly suitable probe for both
81 conventional and pulsed EPR. Therefore, here and in the
82 previous study,11 HKUST-1 containing 3% Zn2+
83 (Cu2.97Zn0.03(btc)2) is adopted.
84 The Cu2.97Zn0.03(btc)2 powder samples were activated
4 and
85 subsequently loaded with ethene and 1-butene. In the
86 following, the activated powder will be denoted as 1p(act)
87 and the ethene and 1-butene adsorbed samples will be termed
88 1p(C2H4) and 1p(C4H8), respectively. The experimental X-
89 band field sweep detected electron spin echo (FS-ESE) EPR
90 spectra of the samples measured at T = 7 K are displayed in
f2 91 Figure 2.
92 The ESE spectrum of 1p(act) closely resembles the
93 corresponding CW EPR spectrum presented in our previous
94 work.11 It exhibits the well-resolved signal from the cupric S =
95 1/2 electron spin system interacting with a single nuclear spin I
96 = 3/2 of 63/65Cu isotopes. The experimental spectra can be
97 simulated using a spin Hamiltonian operator
β̂ =
̂
· · ⃗ +
̂ ̂⎯→⎯ ⎯→⎯ →
H S B S Ig ACue
Cu
98 (1)







are the electron and copper nuclear
101 spin operators; g is the electron g-tensor, and ACu is the copper
102 hyperfine splitting (hfs) tensor. The fitted principal values of g
103 and ACu are summarized in Table S1 and fall in the typical
104 range for Cu2+ ions in square planar geometry formed by four
105oxygen ligands11,14−16 and are comparable with the reported
106CW EPR data for powder and single-crystal samples.11
107The Cu2+ spin Hamiltonian parameters of 1p(C2H4) and
1081p(C4H8) manifest the expected changes in the principal value
109of g and ACu after ethene and 1-butene adsorption. This
110indicates that the adsorbed olefins interact with the para-
111magnetic cupric ions of the Cu/Zn PW units. Pulsed ENDOR
112and HYSCORE experiments can help define an atomistic
113model of the adsorbed olefin molecules at the open Cu2+ site,
114thereby shedding light on the interaction mechanism. The key
115idea is that each 1H of an olefin molecule coordinated at the
116Cu2+ site is characterized by a unique hfs tensor. These 1H
117nuclei then contribute to the resulting ENDOR or HYSCORE
118spectrum, and the effect is averaged out over all the Cu2+ sites
119in the sample.
120First, we have performed the orientation-selective Mims
121 f3ENDOR measurements of the 1p(C2H4) sample. Figure 3a
122shows the Mims ENDOR spectra obtained at the magnetic
123field positions corresponding to the gzz (i.e., B0∥gzz, 292.2 mT)
124and gxx,yy (i.e., B0⊥gzz, 344.8 mT) orientations of B0 with
125respect to the principal axes frame of the Cu2+ g tensor. The
126resulting ENDOR spectra reveal the signals related to different
127
1H nuclei. We verify this by performing spectral simulations.
128The simulations are based on the same spin Hamiltonian as in
129eq 1 but with addition of the terms describing the nuclear
130Zeeman and hyperfine interaction with individual 1H nuclear
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the respective proton nuclear spin operators. Note that
135the major information for the determination of 1H hfs tensors
136is obtained from the position of the peaks and their
Figure 1. Schematic representation of (top) a pore of the MOF
Cu3(btc)2 that contains 12 unsaturated Cu
2+ sites available for olefin
adsorption and (bottom) a mixed-metal Cu/Zn PW unit created as a
result of 3% Zn substitution. The Cu2+ ion of the Cu/Zn unit is
surrounded by three magnetically distinct sets of hydrogen atoms (Ha,
Hb, and Hc) that belong to the btc ligands. Cu, Zn, O, C, and H atoms
are depicted in blue, gray, red, brown, and light pink, respectively.
Figure 2. FS-ESE-detected EPR spectra of the activated
Cu2.97Zn0.03(btc)2, 1p(act), and after adsorption of C2H4, 1p(C2H4),
and C4H8, 1p(C4H8). The red lines indicate the simulated FS-ESE
spectra using the spin Hamiltonian parameters from Table S1.
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137 orientational dependence and not from the overall shape of the
138 ENDOR spectra (which is instead determined by a variety of
139 factors such as distribution of Cu2+ spin Hamiltonian
140 parameters, as well as the contributions from distant protons
141 near the Larmor frequency). As shown in Figure 3a, the
142 resulting spectra can indeed be described by the sum of
143 separate contributions, each characterized by a set of principal
144 values and orientations of proton hyperfine tensors.
145 First, the signals unfolding a maximal hfs of about 2.36, 0.90,
146 and 0.34 MHz are assigned to the protons of the btc ligands
147 (labeled Ha, Hb, and Hc in the schematic picture of the Cu/Zn
148 paddle wheel unit presented in Figure 1). The determined 1H
t1 149 hfs tensors of Ha, Hb, and Hc are summarized in Table 1. Note
150 that because of the four-fold symmetry of the Cu/Zn paddle
151 wheel units, all four btc ligands give the same contributions to
152 the Mims ENDOR spectra.4
153 The point-dipole approximation allows us to derive the
154 distance between the electron and the coupled 1H nucleus.
155 The principal values of the ligand hf tensors are given by the
156 sum of the isotropic (Fermi contact), aiso, and the dipolar,
157 Txx,yy,zz, hfs parameters as [aiso + Txx, aiso + Tyy, aiso + Tzz].
158 When the hfs tensor is close to axial symmetry, the distance r
159 between the electron and the coupling nucleus can be









e H e n
3
161 (3)
162 where ge is the electron g-factors in this approximation. The
163 distances between the Cu2+ ion and the btc protons derived
164 accordingly (Table 1) are consistent with those reported
165 previously,4 as well as with the crystallographic data.12
166 After distinguishing the contributions from the btc protons,
167 it can be concluded that the 1H Mims ENDOR spectra exhibit
168 well-resolved signals indicative of the protons of the adsorbed
169 C2H4 molecules (Figure 3a). In particular, we clearly resolve
170one set of magnetically equivalent protons (labeled as H1e in
171Figure 3a) with the largest hfs of about 4.7 MHz. The presence
172of these sharp spectroscopic features is clear evidence of the
173tendency of the adsorbed molecules to adopt one (or only a
174few) preferable orientation(s) at the open metal site. Indeed, if
175the ethene molecules were distributed randomly within the
176pores of the MOF (i.e., if no selective olefin−metal interaction
177occurred), they would show up in the ENDOR spectrum as a
Figure 3. (a) Mims ENDOR spectra of 1p(C2H4) measured at 292.2 mT (B0∥gzz) and 344.8 mT (B0⊥gzz) in the vicinity of the proton Larmor
frequency υL, and (b) the
1H HYSCORE spectrum measured at 292.2 mT (B0∥gzz). The simulated spectra and cross peaks are depicted in red. The
simulation distinguishes one type of ethene proton (H1e; blue color in panel a) against the framework protons belonging to the btc ligands (gray
lines; cf. Figure 1). (c) Location of H1e deduced from its hfs parameters (Table 1) and mapped onto the DFT-optimized structure. The yellow
isosurface shows the spin-density distribution obtained with DFT.
Table 1. Hfs Parameters of 1H Nuclei Deduced from
Simulation of the Mims-ENDOR and HYSCORE Spectra of
1p(C2H4) and Attributed to One or More Nonequivalent






Haexp −1.3 −1.3 2.36 2.44 70 4.12
DFT −1.49 −1.38 2.56 2.67 75 4.26
Hcexp −0.17 −0.17 0.34 0.34 80 7.95
DFT −0.18 −0.17 0.27 0.29 80 7.99
Hbexp −0.5 −0.5 0.9 0.93 62 5.68
DFT −0.47 −0.36 1.17 1.06 44 5.4
H1e exp −2.7 −2 4.7 4.7 30 3.31
DFT −2.55 −2.28 4.64 4.7 27 2.84
−2.56 −2.31 4.65 4.73 27 2.84
−2.67 −2.38 4.75 4.85 30 2.82
−2.7 −2.35 4.8 4.88 30 2.82
aThe principal values Axx,yy,zz
H of the 1H hfs tensor in MHz, the dipolar
hfs parameter Tzz
H in MHz, and the angle β between Tzz
H and the
principal z-direction of the g-tensor in degrees. For the experimental
entries, the distances rCu−H (Å) between Cu
2+ and the protons are
derived from Tzz
H according to eq 3. For the DFT results, rCu−H is
measured directly from the optimized crystal structures. Errors: ΔAiiH
= ±0.05 MHz, ΔTzzH = ±0.05 MHz, ΔrCu−H = ±0.10 Å, Δβ = ± 5°.
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178 smooth broad contour centered at the 1H Larmor frequency.
179 Furthermore, because the largest hfs of H1e manifests in the
180 ENDOR spectrum taken at the B0∥gzz spectral position, their
181 Tzz direction is deduced to be aligned toward the principal z-
182 directions of the g-tensor (i.e., the tilting angle is in the range
183 0° < β < 45°). This is possible only when the protons H1e are
184 located close to the paddle-wheel symmetry axis above the
185 plane of four oxygen ligands.
186 For further insight into the orientation of the C2H4 adsorbed
187 at the Cu2+ site, 1H HYSCORE spectra (Figures 3b and S2a)
188 were recorded at the same magnetic field position as the Mims
189 ENDOR spectra. As expected, signals with resolved 1H cross
190 peaks ridges were observed at the proton Larmor frequency,
191 υL. The peaks are located in the (+, +) quadrant with maximal
192 spread of about 5.11 MHz. At the gzz spectral position (292.2
193 mT) of the Cu2+ powder pattern, one type of cross peak ridges
194 was found at (9.5, 14.8) and (14.8, 9.5) MHz. At the same
195 time, the HYSCORE spectrum recorded at 344.8 mT
196 corresponding to the gxx,yy position and shown in Figure S2a
197 contains intense cross peaks at the frequencies (13.3, 16.3) and
198 (16.3, 13.3) MHz. We attribute these peaks to the same proton
199 hfs tensor AH1e as observed in the Mims ENDOR spectra.
200 Considerably smaller splitting of the cross peaks for gxx,yy
201 position support that conclusion about the relative orientation
202 of the hfs tensors with respect to the Cu2+ g-tensor.
203 By simulating the HYSCORE and Mims ENDOR spectra
204 together, we deduce the angle between the z-axes of the hfs
205 (AH1e) and g tensors is β = 25°−30°. As listed in Table 1, the
206 principal values of AH1e manifest substantially anisotropic hfs
207 with the isotropic part being negligible (|aiso
H | ≤ 0.1 MHz).
208 From the corresponding principal values Tzz
H1e of the
209 anisotropic hf interaction tensor we can then estimate the
210 distance from the Cu2+ ion to the H1e proton to be about 3.31
211 Å.
212As seen from Table 1, both the fitted hfs principal values and
213the derived 1H−Cu2+ distances find very good agreement with
214the results of pseudopotential plane-wave DFT calculations
215(for details, see Methods: DFT Calculations). The results
216indicate a side-on coordination of the ethene molecule with
217both carbon atoms of the double bond equidistant from Cu2+
218and the plane of the four hydrogen atoms perpendicular to the
219paddle-wheel symmetry axis. The slight tilt of the ethene
220molecule predicted by DFT and manifested in the slightly
221different computed hf coupling parameters of H1e is, however,
222not resolved in the experiment. Such an arrangement of the
223adsorbed C2H2 represents a typical scenario of metal−olefin
224complexation described within the Dewar−Chatt−Duncanson
225model.19 Accordingly, the complexation can be explained by σ-
226donation of the electron density from the ethene double bond
227to the empty 4s orbital of the Cu2+ ion11,20 (resulting in the
228C−C double bond lengthening from 1.338 to 1.351 Å, as
229predicted by our DFT calculations). On the other hand,
230because of unfavorable antibonding involving the filled dz2
231orbital of Cu2+, the copper−olefin interaction features
232negligible π-backdonation from the metal ion to C2H2.
11,21
233Consequently, the absence of the d electron density local-
234ization on C2H2 is reflected in the vanishing Fermi-contact
235(i.e., isotropic) part of the 1H hfs (|aiso| < 0.1 MHz), as
236deduced from our experiment and DFT calculations. In
237comparison, the DFT-calculated and measured 1H hfs reported
238by Morra et al.22 for C2H2 coordinated at Ti
3+ (which is a d1
239metal allowing for stronger π-backdonation21) in a TiAlPO-5
240aluminophosphate show slightly larger positive values of aiso
241(∼0.8 MHz). This suggests the isotropic 1H hfs might serve as
242a potential fingerprint for the relative contribution of π-
243backdonation to the metal−olefin interaction. Furthermore,
244almost identical 1H and 13C aiso values are computed for the
245ethylene adsorbed at the cupric ions of Cu3−xZnx(btc)2
246indicating a highly symmetric structure of the formed
Figure 4. (a) Mims ENDOR spectra of 1p(C4H8) measured at B0∥gzz and B0⊥gzz and (b) the 1H HYSCORE spectrum (B0∥gzz). The simulated
spectra and cross peaks are depicted in red. In panel a, deconvolution of the spectrum into the separate contributions of magnetically distinct
protons is presented (btc protons in gray, 1-butene protons H1b-H5b in blue). (c) Attribution of H1b−H5b to the protons of the skew and syn
conformers of C4H8 deduced from the fitted hfs parameters (Table 2) in combination with the DFT calculations. The yellow isosurface shows the
spin-density distribution.
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247 adsorption complex. In the case of C2H2 interacting with Ti
3+
248 in TiAlPO-5, different aiso parameters have been reported for
249 both protons and carbon atoms because of an asymmetry
250 introduced by the ALPO-5 framework.22
251 Next, we explore the more complex case of 1-butene
252 adsorption. The orientation-selective Mims ENDOR spectra of
f4 253 the 1p(C4H8) sample are illustrated in Figure 4a and display a
254 different picture in comparison with 1p(C2H4). At the
255 beginning, we note that the resolved signals related to the
256 protons Ha, Hb, and Hc of btc ligands are present here as well.
257 However, 1H signals from the adsorbed 1-butene molecule,
258 which is larger and more flexible than ethene, make the overall
259 ENDOR spectrum very complex. Nevertheless, its detailed
260 deconvolution can be guided by the results of DFT
261 calculations.
262 First, it should be noticed that the gas-phase 1-butene exists
263 in the equilibrium mixture of few conformers which differ by
264 means of the internal rotation of the methyl group around the
265 middle C−C single bond. By considering a number of starting
266 orientations of 1-butene in the DFT-based geometry
267 optimization, we establish two distinctive structural models
268 involving so-called syn and skew conformers of the adsorbed
269 molecule (Figure 4c). The calculations reveal a slightly larger
270 binding energy of the cupric ion to the syn 1-butene versus the
271 skew conformer (Table S3).
272 For both structural models, the calculations predict that the
273 π-bond of adsorbed 1-butene is oriented almost perpendicular
274 to the Cu−Zn direction, exactly analogous to the ethene case.
275 In other words, there should be also a few protons located
276 within a 45°-cone around the paddle-wheel symmetry axis.
277 This allows us to search deliberately for the protons which
278 feature the same orientation dependence as those observed in
279 1p(C2H4) and even the overall similar hfs principal values.
280 Indeed, the proton labeled as H1b is found to have Tzz
H1b close
281 to that of the H1e nuclei in 1p(C2H4). This justifies the
282 conclusion that the adsorbed 1-butene is located at the same
283 distance from the open Cu2+ site as ethene. By comparing with
t2 284 the DFT results (Table 2), we further deduce that H1b should
285 be assigned to two (almost) equivalent protons adjacent to the
286 C−C double bond.
287 The remaining signals resolved in the ENDOR spectra are
288 related to other protons of the adsorbed 1-butene molecules.
289 In order to address them in the simulated spectrum, we can
290 now directly make use of the hfs tensors provided by the DFT
291 calculations. The signals revealed thereby are also shown at the
292 separated simulations in Figure 4a. In particular, we find the
293 contribution of another proton adjacent to the double bond
294 (denoted as H2b in Figure 4a).
295 Interestingly, the presented deconvolution of the ENDOR
296 spectrum allows us to distinguish between 1H contributions
297 from the two distinctive conformers of 1-butene. While H1b
298 and H2b can be attributed to both the skew and syn
299 conformers (as follows from the DFT results; cf. Table 2), a
300 specific orientation of the methyl group in the adsorbed skew
301 1-butene gives rise to the distinctive contributions labeled H3b
302 and H4b. On the other hand, the proton denoted as H5b
303 might arguably serve as signature of the syn conformer.
304 We further verify the established structural model by
305 analyzing the results of 1H HYSCORE measurements. The
306
1H HYSCORE spectrum of 1p(C4H8) taken at the gzz position
307 (299.2 mT) is shown in Figure 4b and manifests cross peaks
308 from the weakly coupled protons in the (+, +) quadrant.
309 Interestingly, the 1H cross peak ridges appear to be
310superimposed at their outer end positions at (9.09, 14.95)
311MHz and (14.95, 9.09) MHz by two other cross peaks from
312protons with larger hf couplings of about 6 MHz.
313Corresponding weak signals from these protons were also
314found in the Mims ENDOR spectra of 1p(C4H8) (Figure S4).
315Comparable 1H hf couplings have been reported by Jee et al.4
316for the Cu/Zn PW units with axially coordinated methanol.
317Here, the z principal axis of the hf interaction tensor of the OH
318protons of CH3OH provide an angle of β = 17° with the
319symmetry axis of the Cu/Zn PW unit and gives rise to intense
320cross peaks in the 1H HYSCORE spectra measured at the gzz
321spectral position. Because of the comparable hf couplings, we
322assign the additional proton signals in 1p(C4H8) to residual
323water molecules that occupy a minor part of the open axial
324Cu2+ binding sites. We can only speculate about the reasons for
325this water contamination, such as an incomplete dehydration
326procedure.
327Other cross peaks with maximal proton hfs of 4.7 MHz are
328in agreement with the splittings in the ENDOR spectra related
329to the H1b proton of adsorbed 1-butene molecules.
330Unfortunately, the HYSCORE experiment does not provide
331capabilities to clearly resolve the impact of all the C4H8
332protons, but the frequency range for observed cross peaks
333(9.5−14.6 MHz) is conclusive. Nevertheless, the orientation-
334selective HYSCORE measurements can shed light on the
335coordination of 1-butene molecules in the pores.
336In particular, simulation of the HYSCORE spectra of
3371p(C4H8) with the principal values of the proton hfs tensors
338derived from ENDOR (provided in Table 2) allows us to verify
339the orientation of their z-directions with respect to the g-
340tensor. For H1b, in particular, the simulation provides the
341value of β = 20°. Furthermore, we conclude that in order to
Table 2. Hfs Parameters of 1H Nuclei Derived
Experimentally for 1p(C4H8) and Attributed to One or







H1b exp −2.7 −2 4.7 4.7 30 3.31
DFT (skew) −3.02 −2.94 4.55 5.02 26 2.8
−3.63 −3.28 4.9 5.57 27 2.69
(syn) −2.55 −2.43 4.47 4.47 25 2.88
−3.28 −3.03 5.1 5.51 29 2.7
H2b exp −2 −1.8 4 3.8 40 3.51
DFT (skew) −1.72 −1.31 4.01 3.69 40 3.13
(syn) −2.17 −1.88 4.8 4.54 44 2.91
H3b exp −1.4 −1.3 2.7 2.7 43 3.97
DFT (skew) −1.57 −1.46 2.61 2.75 43 3.59
H4b exp −2.25 −1.55 3.8 3.8 70 3.55
DFT (skew) −2.16 −1.41 3.46 3.5 70 3.36
H5b exp −1.7 −1.5 3.2 3.2 60 3.76
DFT (syn) −2.48 −2.14 3.07 3.59 55 3.28
aThe principal values Axx,yy,zz
H in MHz, the dipolar hfs parameter Tzz
H in
MHz, and the angle β in degrees. The distances rCu−H (in Å) between
Cu2+ and the protons are estimated from the experimental Tzz
H
according to eq 3 and measured directly from the DFT-optimized
molecular structures. The hfs parameters of the btc protons used for
simulation are the same as in Table 1. Errors: ΔAiiH = ±0.05 MHz,
ΔTzzH = ±0.05 MHz, ΔrCu−H = ±0.10 Å, Δβ = ±5°.
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342 account for the broad shape of the cross-peak ridges of H1b,
343 the distribution of the angle β (within a range of about 10°)
344 has to be deduced. The two other protons, H2b and H5b, also
345 included in the simulations are verified to exhibit larger values
346 of β, i.e., about 40° and 60°, respectively. The hfs tensor of
347 H1b, H2b, and H5b is confirmed to be predominantly
348 anisotropic (with negligible |aiso
H| ≤ 0.1 MHz). Note that the
349 protons H3b and H4b (of the skew conformer) and Ha, Hb,
350 and Hc were also included in the simulations of 1p(C4H8), but
351 they are not resolved in the HYSCORE spectra. The
352 HYSCORE spectrum recorded at 344.8 mT for 1p(C4H8)
353 corresponding to the gxx,yy position and shown in Figure S2b
354 contains cross peaks at the frequencies (13.3, 16.3) and (16.3,
355 13.3) MHz and can be also simulated with a given parameters
356 in Table 2. Thus, by combining the insight from the ENDOR
357 and HYSCORE results, we are finally able to locate each
358 observed hydrogen atom (cf. Table 2) and map it onto the
359 DFT-optimized structures of the syn and skew conformers of
360 1-butene adsorbed at the cupric site (Figure 4c).
361 As the next step, the ratio of the metal sites in
362 Cu2.97Zn0.03(btc)2 that participate in the olefin binding can
363 be deduced from the relative intensities of the 1H contributions
364 to the measured ENDOR spectra (cf. Figures 3a and 4a).
365 Although accurate determination of the spectral intensities is
366 impeded by the complicated nature of the ENDOR spectrum,
367 the simulation carried out for the 1p(C2H4) sample favors
368 equivalent spectral weights of the 1H nuclei of btc ligands and
369 adsorbed gas molecules. In other words, the measured
370 ENDOR spectra suggest that almost all the Cu2+ sites in the
371 sample are coordinated with the ethene molecules, thereby
372 indicating high efficiency of gas adsorption. Note that the ratio
373 of the metal sites to the total number of introduced ethene
374 molecules (loading pressure 120 mbar at 298 K) was estimated
375 to be 1:2.
376 In the case of 1-butene adsorption, the percentage of the
377 metal sites in the material occupied by the gas molecule is
378 lower. Only about 50% of 1-butene coordinated Cu2+ sites can
379 be deduced from the simulation of the ENDOR spectra. This
380 is an expected conclusion, because, as deduced above, a part of
381 the Cu2+ adsorption sites in 1p(C4H8) is occupied by residual
382 water molecules and is therefore not available for a direct
383 binding of the 1-butene. This observation, however, highlights
384 the power of the hyperfine spectroscopy to provide accurate
385 structural information even when dealing with mixtures of
386 adsorbates. The performed simulations also suggest approx-
387 imately five times lower spectral weight for the protons
388 attributed to the skew 1-butene (H3b and H4b) than for the
389 one assigned to the syn conformer (H5b). This allows us to
390 consider the syn conformer as a more favorable state of 1-
391 butene bound to the unsaturated cupric site in
392 Cu2.97Zn0.03(btc)2, as predicted by the DFT-calculated binding
393 energies (Table S3).
394 The coexistence of different conformers of the adsorbed
395 olefin revealed in the measured spectra is, arguably, one of the
396 most exciting outcomes of our analysis. Indeed, the presence of
397 its skew and syn conformers in the gas phase has been
398 established by numerous experimental studies.23−25 Our results
399 might be the first experimental hint of the coexistence of two
400 1-butene conformers adsorbed in HKUST-1. Intramolecular
401 degrees of freedom of complex adsorbates are known to have
402 potential influence on their ordering on the substrate and
403 stereochemical reactivity. Therefore, our conclusions highlight
404 molecular conformations as, potentially, an additional lever to
405optimize future protocols for selective olefin adsorption with
406HKUST-1.
407To summarize, the presented experimental and theoretical
408results provide profound chemical insight into the mechanisms
409of se lect ive olefin adsorpt ion exhibited by the
410Cu2.97Zn0.03(btc)2 MOF material. By means of pulsed hyper-
411fine spectroscopy combined with DFT calculations, we have
412established atomic-scale structural images of ethene and 1-
413butene coordinated at the open Cu2+ sites of MOF and reveal
414the coexistence of two distinctive conformers of adsorbed 1-
415butene molecules. Our results indicate that the C2H4 and C4H8
416molecules are axially coordinated to the Cu2+ ion, so that their
417C−C double bonds are almost perpendicular to the symmetry
418axis of a paddle-wheel unit. This supports the conclusion of our
419previous work11 that binding between the adsorbed olefins and
420the Cu2+ ions at the open metal sites of HKUST-1 occurs via
421specific interaction with the olefin π-orbital. However, the
422resulting overlap between the metal and olefin orbitals is
423relatively weak. This is indicated by the absence of the spin
424density transfer from Cu2+ to the adsorbate predicted by the
425DFT calculations and leading to the negligible isotropic
426hyperfine interaction of the olefin protons with the cupric ions
427as observed in our experiments. As a result, this work illustrates
428the power of the hyperfine spectroscopy for structural
429characterization of the olefin−metal interactions in the MOF.
430Because this approach addresses the local electron−nuclear
431interactions, it can be potentially used even in the case of
432structurally complex adsorbates and for hydrocarbon mixtures,
433as shown here for adsorption of 1-butene.
434■ METHODS
435Sample Preparation and Adsorption of C2H4 and C4H8. The
436Cu2.97Zn0.03(btc)2 materials were synthesized by a solvothermal
437synthesis as described earlier.4 As was reported in a previous
438work,11 before gas adsorption Cu2.97Zn0.03(btc)2 powder
439samples (25 mg) were placed in EPR quartz tubes connected
440to a Teflon valve and activated for 24 h at 393 K in vacuum.
441After activation, ethene and 1-butene were adsorbed over
442Cu2.97Zn0.03(btc)2 by cooling the material with liquid nitrogen.
443Subsequently, the EPR sample tubes were flame-sealed.
444EPR Spectroscopy. The X-band two-pulse FS-ESE, pulsed
445ENDOR, and HYSCORE experiments were carried out on a
446Bruker ELEXSYS E580 spectrometer at 7 K using an Oxford
447Instruments CF935 cryostat. Two-pulse FS-ESE and HYS-
448CORE spectra were recorded using nonselective microwave
449pulses of tπ/2 = 16 ns and tπ = 32 ns. The HYSCORE
450experiments were performed with a pulse delay of τ = 136 ns at
451343 mT and τ = 166 ns at 280 mT to enhance the modulation
452signals from 1H nuclei in the gas adsorbed molecules.4 For the
453ENDOR experiment, from the two common pulse sequences,
454Davis and Mims, the latter was chosen because of the short
455phase memory time of the copper in Cu2.97Zn0.03(btc)2. In this
456case, short pulses and pulse delays should be applied.
457Accordingly, Mims ENDOR experiments were performed by
458applying nonselective microwave pulses with pulse lengths
459tπ/2= 20 ns and a pulse delay τ = 200 ns between the first and
460second microwave pulses. The length of the radio frequency
461pulses was trf = 20 μs. Pulsed FS-ESE, ENDOR, and
462HYSCORE spectra were simulated with the EasySpin toolbox
463for MATLAB.26
464DFT Calculations. To model the olefin adsorption and
465calculate the 1H hfs parameters, we employ periodic DFT
466calculations implemented in the Quantum ESPRESSO
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467 software.27 We build a 312-atom supercell that contains 24 Cu
468 atoms and adequately represents a pore of the activated
469 HKUST-1 (cf. Figure 1). After one of the Cu atoms is
470 substituted with Zn and geometry optimization is performed
471 within the spin-polarized DFT formalism, one adsorbate
472 molecule is introduced close to the unsaturated Cu2+ site of
473 the Cu/Zn PW unit and the structure is further relaxed (Figure
474 S5). We perform geometry optimization with various initial
475 orientations of the adsorbed molecules. The resulting
476 complexes with the lowest total energy are selected for further
477 analysis. Subsequent calculation of the 1H hfs tensors are
478 carried out in the GIPAW module of Quantum ESPRESSO by
479 isolating the Cu/Zn PW unit with a coordinated olefin
480 molecule from the relaxed supercell.11 For the sake of
481 completeness, we have also computed the 13C hfs for the
482 alkene carbon atoms (presented in Table S6). During the
483 calculations, we use the PBE exchange−correlation func-
484 tional28 with a plane-wave energy cutoff of 70 Ry, along with
485 norm-conserving pseudopotentials. In order to describe
486 noncovalent interaction of the olefin molecules with the
487 open Cu2+ sites, we adopt the D2 dispersion correction.29
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 Adsorption of Olefins in Cu2.97Zn0.03(btc)2 Metal−Organic Framework Explored by 
Electron-Nuclear Hyperfine Spectroscopy
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Table S1. Principal axes values of the tensors g and ACu of the  Cu2+ species as determined from 
FS-ESE spectra in comparison with the results from DFT calculations.




1p(act) 2.281(1) 2.046(1) ±560(2) ±95(2) 
1p(C2H4) 2.310(1) 2.053(1) ±510(2) ±75(2) 
1p(C2H6) 2.281(1) 2.046(1) ±560(2) ±95(2) 
1p(C4H8) 2.310(2) 2.053(2) ±521(2) ±75(2) 
1p(C4H10) 2.281(2) 2.046(2) ±560(2) ±95(2) 
DFT act 2.1354 a 2.0362/2.0367 a -590 a -20/-23 a
DFT C2H4 2.1467 a 2.0406/2.0414 a -557 a 15/18 a
DFT C4H8syn 2.1440 a 2.0398/2.0413 a -566 a 21/24 a
 
Figure S2.  1H HYSCORE spectra at 344.8 mT (B0⊥gzz, τ = 136 ns) of Cu2.97Zn0.03(btc)2 after 
adsorption a) C2H4 1p(C2H4) and b) C2H4 1p(C4H8). The red lines and cross peaks are indicated 
the simulated HYSCORE spectra with using the spin Hamiltonian parameters from Table 1. 
Table S3. Binding energies (negative = attraction) of the studied olefins at the unsaturated Cu2+ 
site of the Cu/Zn PW unit calculated as Eb = EMOF+M – ( EMOF + EM ), where EMOF and EM are 
the energies of the Cu/Zn containing MOF supercell and the molecule in their fully relaxed 
geometries, and EMOF+M is the energy of the MOF supercell with the adsorbed molecule.




Figure S4.  ENDOR spectrum of 1p(C4H8) showing the signals of the water proton labelled by 
the red asterisks.
Figure S5. Optimized supercells of HKUST-1 containing one Cu/Zn PW (indicated with the 




Elucidating the formation and transformation mechanisms 
of the switchable metal–organic framework ELM-11 by 
powder and single-crystal EPR study 
 
ELM-11 represents a unique class of “gate pressure” coordination polymers. This 
copper-containing MOF material features an elastic 2D-layer structure consisting of rigid 
bipyridine linkers. During gas adsorption, ELM-11 shows the opening of a microporous space 
between the layers. This structural transition strongly depends on the synthesis conditions and 
the axially coordinating ligands of the Cu2 + ions. 
Paper V: “Elucidating the Formation and Transformation Mechanisms of the Switchable 
Metal–Organic Framework ELM-11 by Powder and Single-Crystal EPR Study” 
In this article, the influence of synthesis conditions on the structure and guest-responsive 
properties of the ELM-11 MOF was explored by powder and single-crystal CW EPR. Since the 
study involved magnetically non-diluted, submillimeter single crystals, the dielectric resonators 
were employed. The obtained results unravel reversible changes of the Cu2+ coordination 
environment desolvation (i.e. activation) of the as-synthesized MOF material. 
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ABSTRACT: The effect of the synthesis conditions on the structure and
guest-responsive properties of a “gate pressure” metal−organic framework
(MOF) with composition [Cu(4,4′-bipy)2(BF4)2]n (4,4′-bipy = 4,4′-
bipyridine), also known as ELM-11 (ELM = elastic layer material) was
investigated. Two different batches of ELM-11, synthesized from water−
methanol and water−acetonitrile solutions, have been entirely characterized
by PXRD, nitrogen (77 K) and carbon dioxide (195 K) physisorption,
elemental analysis, DRIFT, TG, and SEM. Both ELM-11 samples were studied
by electron paramagnetic resonance (EPR) spectroscopy in order to follow the
change in the local structure of the copper ion during the activation and
resolvation. Continuous wave X-band EPR measurements on powder samples
provided an elongated octahedral coordination symmetry of the cupric ions
and revealed different axial ligands in the as-synthesized and activated forms in
both bulk samples of ELM-11. One of the procedures was amended in order to slow down the crystallization that allows
isolation of single crystals of two polymorphic modifications of Cu-4,4′-bipyridine coordination polymers, namely [Cu(4,4′-
bipy)2(CH3CN)2](BF4)2 and [Cu2O(4,4′-bipy)3(CH3CN)4](BF4)2, one of which shows a crystal structure similar to that of
ELM-11. Further single-crystal EPR experiments on the as-synthesized material [Cu(4,4′-bipy)2(CH3CN)2](BF4)2 revealed the
orientation of the g tensor of the cupric ions and proved that layers of acetonitrile-synthesized ELM-11 are arranged
perpendicularly to the crystallographic c axis.
■ INTRODUCTION
Flexible metal−organic frameworks (MOFs) are an emerging
subclass of MOFs showing outstanding stimuli-responsive
reversible switching between a nonporous or less porous state
and an open-pore state.1−4 In addition to the fundamental
interest in the switching itself, flexible MOFs have been
discussed for applications ranging from separation and sensing
to adsorptive gas storage.5−9 Among switchable MOFs, “gate
pressure” materials show the largest amplitude of the structural
changes showing discontinuous adsorption-induced phase
transitions from the dense closed-pore phase to open pore
phase at a defined threshold pressure.10 The switchability
brings a unique advantage for gas storage, and indeed several
materials showed an excellent deliverable methane capacity.6
Due to the internal thermal management, these materials have
been discussed for the further technological development of
methane storage and carbon dioxide separation.6,11
The first flexible “gate pressure” MOF material with
composition [Cu(4,4′-bipy)2(BF4)2] was reported in 2001 by
Kaneko and co-workers and further denoted as ELM-11 (ELM
= elastic layer material).12 The crystal structure of ELM-11 was
solved from the X-ray powder diffraction data and reported to
be a 2D-layer structure with an A−B−A−B packing type of the
Cu(4,4-bipy)2 grids with axially coordinated BF4
− anions
interdigitating into the adjacent layers.13 During the adsorption
of the guest molecules, the layers move apart and create a
microporous volume, which is immediately filled with guest
molecules.14 Gate-opening and -closing transitions were
followed in situ during the adsorption of various probes, and
the structures of open pore phases were solved and refined
from the synchrotron powder X-ray diffraction data.15
Theoretical considerations of the gate opening in ELM-11
were proposed by Tanaka and coauthors using an osmotic
ensemble.16
In 2001, Li and Kaneko reported the synthesis procedure of
ELM-11, according to which a 1D coordination polymer with
composition Cu(4,4′-bipy)(H2O)2(BF4)2·4,4′bipy, later de-
noted as pre-ELM-11, was isolated from solution in the first
step. In the second step, the thermal treatment of the latter
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undert vacuum led to the dehydration of pre-ELM-11 and
formation of ELM-11.12 Since the second step involves
changes in the local coordination geometry of the copper
ion, the monitoring of the transformation by an appropriate
spectroscopic technique could shed light on the mechanism of
the formation mechanism of ELM-11.
Electron paramagnetic resonance (EPR) spectroscopy is
known to be a technique very sensitive to the changes in the
coordination geometry of ions with unpaired electron spins
and therefore can be considered as a useful method for study
of open metal sites, defects, and structural transformations in
MOFs. Indeed, pulsed EPR experiments, combined with DFT
calculations, allowed us to derive the model for the
coordination of carbon monoxide and carbon dioxide at the
copper ions of Zn-doped HKUST-1.17 The technique was
successfully used for quantification of the defects in a series of
HKUST-1 samples with systematically introduced defects.18 In
situ EPR combined with nitric oxide adsorption allowed the
definition and quantification of the defects in the flexible and
rigid versions of DUT-8(Ni).19 Recently, the use of dielectric
resonators allowed the performance of a single-crystal EPR
study on [CuI2Cu
II
2(H2O)2L2Cl2] (L = 3,3′-(5,5′-(thiophene-
2,5-diyl)bis(3-methyl-4H-1,2,4-triazole-5,4-diyl))dibenzoate),
which allowed identification of two magnetically nonequivalent
mononuclear Cu2+ species.20
Herein we report the synthesis and characterization of ELM-
11 powders, obtained using two different synthesis procedures,
which differ mostly in the organic solvent. We adapted one of
the reported procedures for growth of the single crystals, and
the crystal structures of two novel coordination polymers were
determined by single-crystal X-ray diffraction. In addition, bulk
and single-crystal samples were subjected to an EPR study in
order to monitor the changes in the local coordination
geometry of the Cu2+ ions during removal and reintroduction
of the guest molecules. This allows investigation of the g
tensor, including the orientation of its principal axis frame.
Unfortunately, the magnetic dipolar and exchange interaction
among the Cu2+ ions in the magnetically nondiluted ELM-11
materials prevented the determination of the copper hyperfine
interaction tensor. Nevertheless, information about a possible
exchange of the axial ligands of the cupric ions upon
desolvation and resolvation of the MOF can also be obtained
from the gzz principal value of the Cu
2+ g tensor.
■ EXPERIMENTAL SECTION
Synthesis of Single Crystals of ELM-11. A 624 mg portion
(4.72 mmol) of 4,4′-bipyridine was dissolved in 50 mL of acetonitrile
(AcCN), and 700 mg (2.02 mmol) of Cu(BF4)2·6H2O was dissolved
in 50 mL of deionized water. The aqueous solution of the copper salt
was placed in a 100 mL flask and afterward the AcCN solution of the
ligand was carefully added in such a way that the aqueous and AcCN
phases remained separated. Further, the flask was placed in a closed
desiccator with diethyl ether. After 1 week at room temperature, two
types of crystals, namely plates and rods, were grown at the interfacial
surface.
Synthesis of the Bulk Powder Sample in Methanol/Water
Mixture (MeOHELM-11). An experimental procedure, published
earlier by Cheng et al.,21 was reproduced in triple quantity. A 75
mL portion (0.04 M) of an aqueous solution of Cu(II)
tetrafluoroborate was preheated at 70 °C for 2 h. After that 75 mL
(0.08 M) of a methanol solution of 4,4′-bipyridine was added and the
resulting solution was refluxed at 70 °C for 2 h. No precipitation was
observed during refluxing. Further, the solution was allowed to stand
at 277 K for 15 h for crystallization. The blue precipitate was filtered
out, washed three times with fresh methanol, subjected to PXRD, and
subsequently degassed at 120 °C for 12 h under dynamic vacuum.
Yield: 1.23 g (74.5% recalculated to 4,4′-bipyridine). Anal. Calcd for
activated Cu(C10H8N2)2(BF4)2 (MeOHELM-11): C, 43.63; H, 2.90; N,
10.18. Found: C, 43.51; H, 3.30; N, 10.16.
Synthesis of the Bulk Powder Sample in Acetonitrile/Water
Mixture (AcetELM-11). An experimental procedure by Blake et al.
22
was reproduced in triple quantity. A 75 mL portion (0.04 M) of an
aqueous solution of Cu(II) tetrafluoroborate was preheated at 70 °C
for 2 h. After that 75 mL (0.08 M) of an acetonitrile solution of 4,4′-
bipyridine was added, and the resulting solution was refluxed at 70 °C
for 2 h. A small amount of precipitation was filtered out and analized
by PXRD. The remaining solution was settled for 15 h in the closed
desiccator containing the vessel with diethyl ether. The precipitation
was filtered out, washed 3 times with acetonitrile and analyzed by
PXRD. Further, the solid was subjected to activation in dynamic
vacuum at 120 °C for 12 h. Yield: 0.78 g (47.2% recalculated to 4,4′-
bipyridine). Elemental analysis for activated Cu(C10H8N2)2(BF4)2
(AcetELM-11). Calculated from formula: C 43.63%, H 2.90%, N
10.18%. Found from elemental analysis: C 43.82%, H 3.23%, N
10.15%.
Single-Crystal X-ray Diffraction Study. A violet platelike crystal
of 1 and blue needlelike crystal of 2 were picked directly from the
mother liquid, coated with fluorinated Paratone oil, and mounted on
the glass needle, which was immediately mounted on the goniometer
and cooled to 260 K. The data sets were collected at the BESSY MX
BL14.3 beamline of Helmholtz-Zentrum Berlin für Materialien and
Energie.23 The monochromatic radiation with energy of 13.5 keV (λ =
0.8945 Å) was used in all experiments. φ scans with an oscillation
range of 1° were used for data collection. The data sets were
processed automatically using XDSAPP 2.0 software.24 Both crystal
structures were solved by direct methods and refined by full-matrix
least squares on F2 using the SHELX-2016/4 program package.25 All
non-hydrogen atoms were refined in an anisotropic approximation.
Hydrogen atoms were refined in geometrically calculated positions
using the “riding model” with Uiso(H) = 1.2Uiso(C). In the crystal
structure of 1, the methyl group of the coordinated acetonitrile as well
as BF4
− counteranions could not be located from the difference
Fourier map because of disorder of the latter. CCDC-1840490 and
CCDC-1840491 contain the supplementary crystallographic data for
1 and 2, respectively. These data can be obtained free of charge from
the Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.
uk/data_request/cif.
Crystal data for 1: C22H16CuN6, Mr = 427.95, tetragonal I4/m, a =
11.1300(16) Å, c = 17.700(4) Å, V = 2192.6(8) Å3, Z = 2, Dc = 0.648
g cm−3, 8279 independent reflections observed, R1 = 0.0796 (I >
2σ(I)), wR2 = 0.2827 (all data), and GOF = 1.226.
Crystal data for 2: C31.88H26.83Cu2N10O, Mr = 693.14, hexagonal
P6222, a = 14.940(2) Å, c = 32.690(6) Å, V = 6319(2) Å
3, Z = 3, Dc =
0.546 g cm−3, 23921 independent reflections observed, R1 = 0.0645 (I
> 2σ(I)), wR2 = 0.2397 (all data), and GOF = 1.162.
Physical Characterization of the Bulk Samples. Powder X-ray
diffraction (PXRD) patterns were measured at room temperature on a
STOE STADI P diffractometer, equipped with Cu Kα1 radiation (λ =
1.54059 Å) and a 2D detector (Mythen, Dectris). All measurements
were performed in transmission geometry using a rotating flatbed
sample holder, 2θ steps of 0.015°, and an exposition time of 30 s per
step. Activated samples were prepared between two slices of
waterproof rescue foil blanket, smeared with vacuum grease. Nitrogen
physisorption experiments were performed at 77 K using a
BELSORP-max apparatus. A Dewar vessel with liquid nitrogen was
used to ensure isothermal conditions in the nitrogen physisorption
experiments, while a cooling mixture of dry ice and 2-propanol was
used for carbon dioxide adsorption experiments. Measurements were
carried out using 25−35 mg of the MOF. Nitrogen gas (99.999%) and
carbon dioxide (99.995%) were used in experiments. Thermogravi-
metric analysis (TG) was performed under a synthetic air flow in the
temperature range from room temperature to 1000 °C at a heating
rate of 5 °C/min using STA 409 PC from NETZSCH Company.
Diffuse reflectance infrared Fourier transform (DRIFT) spectra were
measured in the range of 4000−400 cm−1 using a VERTEX-70
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spectrophotometer (Bruker). The SEM images were taken with
secondary electrons using a Hitachi SU8020 microscope. Elemental
analysis for C, H, and N was performed on a Vario MICRO cube
Elementar apparatus.
EPR Spectroscopy. Powder and single-crystal CW EPR measure-
ments were recorded with an X-band Bruker EMXmicro EPR
spectrometer (microwave frequency ∼9.5 GHz) using a Bruker ER
4119HS cylindrical resonator. The strength and frequency of the field
modulation were 0.3 mT and 100 kHz, respectively. The sample
temperature was controlled using an Oxford Instruments ESR 900
flow helium cryostat. Single-crystal investigations at low temperatures
were performed using dielectric resonators (DRs) with high dielectric
permittivity εr = 80 made of barium lanthanide titanates solid
solutions (type K80-H).26 The DR proportions with a height of 2.6
mm and a diameter of 3.4 mm are designed to fit into a standard EPR
sample tube with an inner diameter of 4 mm. A central hole of 1 mm
diameter contains the oriented single-crystal sample. For that purpose,
a single crystal of 1 was mounted on a quartz glass rod of 0.5 mm
diameter such that the direction of the crystallographic c axis was
pointing along the symmetry axis of the EPR sample tube. A single-
crystal X-ray diffraction experiment suggested that the c axis was
directed perpendicular to the thin sheet surface in the single crystal of
1. The crystal was fixed with grease, which does not have detectible
EPR signals. The full setup including the DR in the EPR sample tube
and the single crystal mounted on the quartz rod is displayed in
Figure S1 in the Supporting Information.
Angular-dependent EPR spectra of the single crystal were recorded
for rotations about the three orthogonal axes A−C with respect to the
external magnetic field, where C is oriented parallel to the
crystallographic c axis. The orientation of the other two axes A and
B is arbitrary within the crystallographic c plane, as the direction of
the crystallographic axes a and b are not known. The crystal was
rotated by the angle φ about the chosen axes with a step of Δφ = 5°.
It is important to consider that the crystal might be not ideally fixed
on the quartz glass rod. Moreover, the glass rod is not fully flattened
out along the DRs symmetry axis and the DR may not correctly be
aligned in the resonator. This factor gives the systematic error φerror =
±5°.
■ RESULTS AND DISCUSSION
Synthesis and Characterization of the Bulk Samples
of ELM-11. Despite the fact that ELM-11 belongs to the very
early discovered “gate pressure” MOF family, its responsive
behavior toward molecular stimuli and structural trans-
formations still pose open questions, triggering exciting studies
in the MOF community.11−14,16,21,27−29 Over the years diverse
synthesis procedures were developed; however, only two of
them are most often referred to in publications. The main
Figure 1. PXRD patterns of MeOHELM-11 and AcetELM-11 samples: (a) comparison of MeOHELM-11 “as synthesized” and desolvated and resolvated
PXRDs with theoretically calculated patterns for known ELM-11 structures; (b) comparison of AcetELM-11 “as synthesized” and desolvated and
resolvated PXRDs with theoretically calculated patterns for known ELM-11 structures.
Figure 2. Nitrogen (77 K) and carbon dioxide (195 K) adsorption isotherms (a) and SEM images of MeOHELM-11 (b) and AcetELM-11 (c).
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difference between these procedures is the solvent used for
dissolving 4,4′-bipyridine and copper tetrafluoroborate. Kanoh
and co-workers suggest using methanol as a solvent.21 The
reaction proceeds at 70 °C, and crystallization of the product
occurs after cooling the reaction mixture to 4 °C. Reaction in
an acetonitrile−water solution was initially developed by Blake
et al.22 In this case the reaction proceeds under the same
temperature conditions with the only difference in the
crystallization of the resulting solid being diffusion of the
diethyl ether into the solution, which should result in the
precipitation of so-called pre-ELM-11 with composition
[Cu(4,4′-bipy)(H2O)(BF4)2](4,4′-bipy). In order to get a
deeper understanding of the influence of the synthesis
procedure on the resulting solid, and especially of their
switchable properties, we reproduced both synthesis proce-
dures. The obtained materials denoted MeOHELM-11 and
AcetELM-11 were desolvated at 120 °C under dynamic vacuum
for 12 h.
The phase composition of obtained samples was proved by
PXRD for “as synthesized”, desolvated, and resolvated samples
(Figure 1). The theoretical patterns were generated from the
crystal structures of pre-ELM-11,22 ELM-11 in its activated
form, and ELM-11 filled with CO2 at 273 K.
16 Analysis of
PXRD patterns of both MeOHELM-11 and AcetELM-11 directly
after the synthesis indicates significant difference between two
samples showing no matching with either of the known phases
(Figure 1) nor to each other (Figure S7 in the Supporting
Information). Interestingly, after desolvation at 120 °C under
dynamic vacuum, both samples show the same phase, which
fits very well to the previously reported ELM-11 desolvated
“closed-pore” phase. The resolvation of both activated
materials in the corresponding solvents yields the same
phase, which does not fit to any of the reported patterns.
In order to prove the porosity and flexibility of the materials,
volumetric nitrogen and carbon dioxide physisorption experi-
ments were performed at 77 and 195 K, respectively (Figure
2a). In these experiments, the MeOHELM-11 sample shows
nearly no uptake at low pressures, followed by one step at p/p0
= 0.08 for nitrogen and two steps at p/p0 ≈ 0.01 and p/p0 = 0.4
for carbon dioxide in the adsorption branch. In desorption, the
“gate closing” pressure reaches p/p0 = 0.05 in nitrogen and p/
p0 = 0.15 in the CO2 desorption isotherm. The second
desorption step in the CO2 isotherm is not well resolved, since
it obviously occurs at very low pressures, which cannot be
reached experimentally at the sublimation point (Figure S5 in
the Supporting Information). Such behavior is typical for
ELM-11 and has been reported multiple times.10,13 In contrast
to MeOHELM-11, AcetELM-11 shows completely different
behavior in adsorption experiments. In the nitrogen adsorption
experiment, the material exhibits typical microporous behavior,
showing a type Ia isotherm with saturation at 150 cm3 g−1.
Further, the crystal structure is opening at p/p0 = 0.4, showing
a smooth increase of the uptake. Another steep step at p/p0 =
0.93 can be a sign of the presence of macropores in the
samples, which is typical for nanocrystalline powders.
Interestingly, in the desorption branch both MeOHELM-11
and AcetELM-11 desorption isotherms show the same uptake at
plateau as well as “gate closing” pressure, reflecting the same
thermodynamic situation and as a consequence the same
flexibility mechanism in both samples. The variation in the
“gate opening” pressure is obviously connected with the
difference in kinetic barrier for the samples with various
particle sizes.
DRIFT spectra were recorded in the full range of
wavenumbers in order to confirm the identical chemical
bonding situation in both samples (see Figure S3 in the
Supporting Information). In the fingerprint region, the
absorption bands of both MeOHELM-11 and AcetELM-11
match very well. In the high-frequency region of the
AcetELM-11 spectrum, additional bands in the range 3500−
4000 cm−1 are observed. These can be assigned to O−H
vibrations. TG data show thermal decomposition of both
compounds at nearly 350 °C and only minor differences in the
rest mass (see Figure S4 in the Supporting Information). The
composition of MeOHELM-11 and AcetELM-11 was also
confirmed by elemental CHN analysis, which coincides with
theoretically calculated values.
Rough estimation of the particle size was done by taking
SEM images of both samples, containing platelike crystallites,
which is an expected morphology for the 2D structure of ELM-
11. As assumed from indirect signs in PXRD and physisorption
experiments, MeOHELM-11 contains mostly larger crystallites
ranging from 5 to 10 μm, while in the AcetELM-11 sample, only
crystallites smaller than 1 μm could be observed (Figure 2b,c).
This finding is completely consistent with the synthesis
procedures: namely, a slower crystallization from super-
saturated solution in the case of methanol-based synthesis
leads to larger crystals and a low solubility of the product in the
acetonitrile yields material with smaller crystallites.
In the sense of influencing flexibility by crystal size, a general
trend has been observed over the last few years: larger crystals
(usually >1 μm) tend to show distinct switching transitions,
while smaller crystals (<1 μm) stay in the open form after
removing the guests from the pores. Initially this effect was
called the “shape-memory effect” in the interpenetrated
framework Cu2(bpdc)2(4,4′-bipy).30 Later, a similar depend-
ence toward stiffening was observed in ZIF-8,31 DUT-8(Ni),32
and DUT-49.33 There is still no clear general explanation for
this effect, but the most important factors are (a) the interfacial
energy between the crystallites in the sample, (b) the energy
required for grain boundary formation vs energy gain in the
volume of one crystallite, and (c) the ratio between the
internal and external surface areas of the crystallites possibly in
contact with a matrix. All aspects involve drastic changes while
transiting from macro- to nanoscale.
Since EPR spectroscopy provides elaborate information
about the electron spin states, from which information about
the coordination geometry of paramagnetic transition metal
ions can be derived, both materials were subjected to a
comprehensive study using this technique.
EPR of AcetELM-11 and MeOHELM-11 Powders. Exper-
imental X-band CW EPR spectra of as-synthesized, activated,
and resolvated MeOHELM-11 and AcetELM-11 powder samples
were measured at 20 K and are displayed in Figures 3 and 4.
The EPR spectra show the typical anisotropic powder pattern
of Cu2+ (electron configuration 3d9) ions having the electron
spin S = 1/2 in a magnetically nondiluted crystal.34,35 No
narrowing or broadening of the spectra upon further cooling or
heating to room temperature was observed. The 63,65Cu
hyperfine (hf) interaction is not resolved due to the high metal
ion concentrations. In that case, substantial magnetic exchange
interactions between the neighboring cupric ions average their
nuclear spin configuration and consequently the hf splitting is
not observed in the EPR spectra.35 The principal axis frames of
the anisotropic g tensors of the Cu(II) centers coincides
usually with the molecular frames of the Cu(II) ions. Then, the
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anisotropic g tensors of the metal ions are not affected by the
magnetic exchange effects if the orientations of their principal
axis frames are identical in the crystal structure, which is
indeed the case for most of the ELM-11 structures.
The spectral simulations of the Cu2+ EPR powder patterns
have been performed using the EasySpin software, where we
assumed only an S = 1/2 spin system without hf coupling,
which is described by a simple spin Hamiltonian operator
containing only the electron Zeeman interaction.
β=H SB g0e (1)
Here, βe is the Bohr magneton, B0 the static magnetic field
vector, S the electron spin operator, and g the electron g
tensor. The obtained principal values of the Cu2+ ion g tensors
for ELM-11 powder samples are summarized in Table 1 and
indicate axially symmetric g tensors for activated and solvated
AcetELM-11 and only small orthorhombic distortions of the
tensors in case of MeOHELM-11 materials and the as-
synthesized form of AcetELM-11. We observe for AcetELM-11
a decrease in the gzz parameter for the activated ELM-11 in
comparison to those for the as-synthesized and resolvated
states which is accompanied by a substantial line broadening.
Otherwise, the gzz value increases from 2.254 to 2.313 for
MeOHELM-11 upon activation under vacuum at 120 °C.
Resolvation of the degassed AcetELM-11 and MeOHELM-11
materials with either methanol or acetonitrile restored the
initial spectra with comparable g tensor parameters. The
finding for MeOHELM-11 is in agreement with previous results
by Jiang et al. on MeOHELM-11,
35 where comparable g tensor
parameters have been reported. We have to note that for the
as-synthesized form of AcetELM-11 the deviation of the
experimental and simulated anisotropic Cu2+ powder patterns
at the gzz edge singularity (292 mT) indicates the presence of
an additional minor Cu2+ impurity species (Figure 3e,f).
Interestingly this species is not detected for the solvated
AcetELM-11 (Figure 3c).
Although it is usually not possible to deduce the exact
coordination geometry of the metal ion from the principal
values of the Cu2+ g tensor, its gzz parameter provides a rough
guide to the overall coordination symmetry of the cupric ion
site and the type of ligand.34,36−38 In our case the gzz
parameters of the as-synthesized and resolvated AcetELM-11
and MeOHELM-11 materials are typical for an elongated
octahedral coordination to four equatorially coordinating
nitrogen ligands and two weaker axial ligands in agreement
with Cu(4,4′-bipy)2(CH3CN)2 or Cu(4,4′-bipy)2(CH3OH)2
moieties with either two axially coordinating acetonitrile or
methanol molecules.37,38 Upon activation of MeOHELM-11 the
pronounced increase in gzz indicates a coordination change at
the axial ligands. Jiang et al.35 explained this in terms of an
exchange of the axial CH3OH ligands by BF4
− groups on the
basis of a combined Cu2+ EPR and 11B nuclear magnetic
resonance (NMR) study, although substantially smaller gzz
parameters of 2.19834 and 2.17839 have been reported for
Cu(en)2(BF4)2 complexes with likewise axially coordinating
BF4
− anions. In case of AcetELM-11 we observe the opposite
behavior. The decrease in the gzz parameter upon activation
accompanied by a slight increase in the gxx,yy parameters and a
substantially greater line width of the Cu2+ EPR powder
pattern (Figure 3) suggest that one may rule out for the cupric
ions observed here species a substitution of the axial ligands of
the Cu(4,4′-bipy)2(CH3CN)2 complexes by the BF4− anions as
found for MeOHELM-11.
35 We rather assume that for the
evacuated AcetELM-11 the magnetic exchange processes may
lead to a partial averaging of the g tensor anisotropy, resulting
in the observed changes in gzz and gxx,yy and the substantial line
broadening. Such averaging effects of the g anisotropy are
common for magnetically nondiluted materials if the
orientations of principal axis frames of the metal ion g tensors
are no longer identical in the crystal structure.40 Then we may
suppose, as the principal axis frames of the g tensors of the
Cu2+ ions coincides usually with the molecular frames of the
metal ions, the arrangement of the elongated octahedral
Cu(4,4′-bipy)2(CH3CN)2 moieties is not uniform and is
Figure 3. Experimental (black lines) and simulated (red lines) EPR
spectra at 20 K of AcetELM-11 powder samples: (a, b) degassed at 373
K; (c, d) resolvated by CH3CN; (e, f) as synthesized.
Figure 4. Experimental (black line) and simulated (red line) EPR
spectra at 20 K of MeOHELM-11 powder samples: (a, b) degassed at
373 K; (c, d) resolvated in MeOH; (e, f) as synthesized.
Table 1. Simulated Parameters for the Cu2+ Species
sample gxx gyy gzz
MeOHELM-11 as-synthesized 2.052 2.065 2.254
MeOHELM-11 activated 2.054 2.06 2.313
MeOHELM-11 resolvated 2.054 2.065 2.254
AcetELM-11 as-synthesized 2.051 2.061 2.265
AcetELM-11 activated 2.07 2.07 2.21
AcetELM-11 resolvated 2.054 2.054 2.252
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differently oriented for the activated AcetELM-11 material.
Otherwise, we cannot rule out that a new Cu2+ species is
formed in activated AcetELM-11 and dominates its EPR
spectrum. Consequently, the EPR measurements on the
powder materials showed that the coordination environments
of the observed Cu2+ species are different in the activated
forms of AcetELM-11 and MeOHELM-11.
Crystal Structures of the Coordination Polymers 1
and 2. Taking into account the differences in the EPR spectra
of activated AcetELM-11 and MeOHELM-11 bulk materials and
also differences in the phase composition of “as synthesized”
samples (Figure 1a), we attempted to grow single crystals that
would be suitable for both single-crystal X-ray diffraction
studies and EPR investigations. While in the case of “as
synthesized” MeOHELM-11 PXRD patterns contain presumably
a mixture of ELM-11 activated and resolvated phases, the
PXRD patterns of AcetELM-11 contain additional reflections at
2θ = 6.8, 7.2°, which obviously belong to different phases. In
order to grow the larger crystals and use similar conditions, we
used a two-layer diffusion approach, in which one layer
contains an aqueous solution of Cu(BF4)2 and another layer
was a 4,4′-bipyridine solution in acetonitrile. After slow
diffusion of diethyl ether vapors into this system over 2
weeks, two types of single crystals were obtained: violet
platelike crystals (1) and blue rods (2).
Both crystals were analyzed by single crystal synchrotron X-
ray diffraction at MX-beamlines of the BESSY-II synchrotron
in Berlin. The compound 1 crystallizes in the tetragonal space
group I4/m with one copper atom, half of the disordered
pyridine moiety, and one coordinated acetonitrile molecule
(Figure 5a). Applying the symmetry operation of the space
group results in the 2D grids, oriented perpendicular to [001]
direction and composed of Cu(4,4′-bipy)2 fragments, which
are very similar to the idealized ELM-11 structure (Figure 5b).
The grids have a rectangular geometry enforced by the space
group symmetry with a Cu−N1 distance of 2.018(4) Å, which
is typical for Cu−N bonds. Selected bond lengths and valent
angles are given in Table S1 in the Supporting Information.
The axial positions in the copper coordination polyhedron are
occupied by coordinated acetonitrile molecules with Cu−N2
distances of 2.478(10) Å, which are significantly longer in
comparison with Cu−N1 because of the Jahn−Teller effect.41
It was challenging to determine the type of axial ligand in this
crystal structure. Since both nitrogen and fluorine atoms are
light atoms with a small electron density, they can be easily
mismatched in the single-crystal X-ray diffraction analysis,
especially in the presence of a disorder in the structure.
However, since we could not observe additional electron
density for other fluorine atoms of the BF4
− anion, we believe
that CH3CN is coordinating to copper atoms along the 4-fold
rotation axis. An analysis of the CSD database results in various
structures with both BF4
−42,43 and CH3CN
41 coordinated to
copper. However, in all molecular structures containing both
BF4
− and CH3CN,
44 the latter is usually coordinated to
copper, while BF4
− is present in the crystal structures as a
solvated counteranion and shows only weak intermolecular
interactions. The symmetry of the space groups ensures the
arrangement of adjacent sheets in A−B−A−B order, which is
same as for the ELM-11 structure (Figure 5c,d). The distance
between Cu(4,4′-bipy)2 grids in the structure is determined by
the half-length of the c axis and amounts to 8.85 Å, which is
larger in comparison to all known “open-pore” phases,
observed for ELM-11 in CO2
13 and n-butane15 in situ
PXRD/gas adsorption experiments.
Compound 2 crystallizes in the hexagonal chiral space group
P6222. The asymmetric unit contains one copper atom,
coordinated by two independent 4,4′-bipyridine molecules.
One of them is represented by a complete pyridine ring and
Figure 5. Crystal structure of 1: (a) coordination environment of copper; (b) 2D Cu(4,4′-bipy)2 layers; (c) perspective view of the crystal structure
along the [010] direction; (d) perspective view of the crystal structure along the [001] direction.
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from the other one only half of the pyridine is present in the
symmetry-independent part. Two copper atoms in the
structure are connected by a μ2-oxygen atom. Moreover, one
terminal ligand, namely the acetonitrile molecule, is located.
The Cu1−N1 and Cu1−N2 bonds, connecting copper and
4,4′-bypiridine ligands, have chemically reasonable lengths of
2.041(4) and 2.025(7) Å, respectively (Figure 6a).
The bridge Cu1−O1 bond is slightly shorter with a value of
1.9243(6) Å, which is common for Cu−μ-O distances. Two
acetonitrile molecules, located oppositely in the coordination
octahedron of the copper, show weaker coordination with
d(Cu1−N3) = 2.528(8) Å because of the strong Jahn−Teller
effect. The set of bond lengths and valence angles is given in
Table S2 in the Supporting Information. After application of
the symmetry operations of the space group, the 3D structure,
based on the 1D chains, located along c axis can be recognized.
The latter is composed of two octahedra, sharing one common
vertex, which are interconnected with two 4,4′-bipyridine
ligands along the [001] direction (Figure 6b). The 62 screw
axis, which is running along the same direction, induces an
axial chirality in the structure by rotating of the inorganic
building unit by 60° in each succeeding layer. The described
1D chains are further interconnected with the two adjacent
chains, located in opposite directions. Within the next layer,
Figure 6. Crystal structure of 2: (a) coordination geometry of copper (ellipsoid plot with 30% probability and atom numeration); (b)
interconnection of 1D chains; (c) parallel projection of the unit cell along the [001] direction; (d) parallel projection of the unit cell along the
[100] direction.
Figure 7. Selected angular-dependent EPR spectra of the Cu2+ species in an as-synthesized AcetELM-11 single crystal recorded at 20 K for a rotation
of B0 in AB (a) and AC (b) planes.
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the interconnection with further chains proceeds. After
simplification of the crystal structure, a unimodal 4-connected
3D net with qzd (quartz dual) underlying topology can be
assigned (Figure 6c,d). The structure of 2 contains 64.7% of
the solvent-accessible void in the unit cell. Experimentally the
compound could be observed as a by-product only in the
PXRD patterns measured from “as synthesized” AcetELM-11
material (Figure S6 in the Supporting Information). After
activation, only a single phase, which corresponds to activated
ELM-11, is observed. Obviously, the crystal structure of 2
collapses during the guest removal and the remaining
amorphous Cu-containing species cause differences in EPR
spectra of bulk AcetELM-11 and MeOHELM-11 materials. This
fact prompted us to undertake EPR studies on single crystals of
1, which are direct precursors of ELM-11.
EPR on AcetELM-11 Single Crystals. Single-crystal EPR
measurements have been performed for the as-synthesized
AcetELM-11 material 1 in order to determine the orientation of
the z principal axis corresponding to the gzz principal value of
the Cu2+ g tensor with respect to the crystallographic c axis.
This z principal axis points along Cu−N bonds with the axial
acetonitrile ligands and is perpendicular to the Cu−4,4′-
bipyridine plane of the Cu(4,4′-bipy)2(CH3CN)2 moiety.
Figure 7 displays selected examples of Cu2+ single-crystal
EPR spectra measured at 20 K in two different rotation planes
of the external magnetic field with respect to the crystal frame.
The entire angular dependences of the resonance fields for the
three measured planes are presented in Figure 8.
The resonance fields vary from B = 310 mT corresponding
to the parallel gzz edge singularity in the EPR powder spectrum
(Figure 3e) to B = 341 mT corresponding to the perpendicular
gxx,yy singularity of the powder pattern. A well-resolved single
set of one copper line is observed in all three planes. Additional
weaker signals at 305 and 340 mT can be assigned to crystal
inhomogeneities (see Figure S2 in the Supporting Informa-
tion).
A fit of the angular dependences of resonance field positions
using the spin Hamiltonian operator given in eq 1 yield
approximately the same principal values of the g tensor as
those obtained from the as-synthesized AcetELM-11 powder
sample (Table 1). However, the small orthorhombic distortion
of the g tensor could not be resolved in the single-crystal
experiments. The direction cosines of the principal axes of the
g tensor show that its z axis is aligned along the crystallo-
graphic c axis. Therefore, the Cu−N bonds with the axial
acetonitrile ligands must be likewise oriented parallel to the c
axis and consequently the plane with the Cu−N(4,4′-bipy)
bonds is perpendicular to the c axis, in agreement with the
XRD-derived crystal structure of 1.
We analyzed the effect of solvents used in the synthesis on
the properties of the resulting materials MeOHELM-11
(methanol−water) and AcetELM-11 (acetonitrile−water). The
phase transformations during the desolvation and resolvation
were tracked by PXRD, showing essential differences in “as
synthesized” phases, some of which could not be referenced to
any of the known structures. Surprisingly, the previously
reported pre-ELM-11 phase could not be observed in “as
synthesized” bulk materials. The desolvated materials possess
pure ELM-11 “closed pore” phase and are similar in the
elemental composition, but differ in adsorption properties and
crystallite size, confirming the recently discovered crystallite
size dependent trend for the textural properties of flexible
MOFs.30 Modification of the acetonitrile−water-based syn-
thesis allowed us to grow single crystals and determine the
crystal structure of the 2D coordination polymer [Cu(4,4′-
bipyridine)2(CH3CN)2](BF4)2 (1), showing a crystal structure
very similar to those of ELM-11 and [Cu2O(4,4′-
bipy)3(CH3CN)4](BF4)2 (2), which was found as a side
phase in the PXRD of AcetELM-11. Direct synthesis of the
structure of 1 in solution proved the formation of the Cu(4,4′-
bipy)2 2D grids and the bypassing of the intermediate phase of
pre-ELM-11. The EPR study of the bulk sample MeOHELM-11
during desolvation/resolvation suggests a reversible ligand
exchange of methanol by tetrafluoroborate in the axial
positions of the octahedral coordination geometry of the
copper ion [Cu(4,4′-bipyridine)2(CH3OH)2](BF4)2 (1). In
both as-synthesized and solvated AcetELM-11 the major EPR-
active Cu2+ species are Cu(4,4′-bipy)2(CH3CN)2 moieties
from the [Cu(4,4′-bipyridine)2(CH3CN)2](BF4)2 (1) phase.
During desolvation of AcetELM-11 the exchange of the
acetonitrile by tetrafluoroborate could not be verified directly.
Here the EPR spectra indicate some structural variance in the
Figure 8. EPR angular-dependent resonance fields positions of the Cu2+ species in a synthesized AcetELM-11 single crystal for a rotation of B0 in
AC, BC, and AB planes. The red solid line shows the simulated angular dependences (for simulation parameters see Table 1).
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orientations of the observed elongated octahedral Cu
complexes, preventing together with the magnetic exchange
processes an observation of the exchange of the axial ligand.
The orientation of the g tensor of the cupric ions of this
species in the solvated [Cu(4,4′-bipy)2(CH3CN)2](BF4)2 was
determined in the single-crystal EPR experiment, confirming
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(20) Friedlan̈der, S.; Šimeṅas, M.; Kobalz, M.; Eckold, P.; Ovchar,
O.; Belous, A. G.; Banys, J. r.; Krautscheid, H.; Pöppl, A. Single
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Details on EPR single crystal experiment 
 
 
Figure S1: a) Schematic presentation of the axes frame ABC used for the single crystal EPR 
experiments of AcetELM-11 compound (1). The C axis is aligned along the crystallographic c 
axis and the two other axes A and B are perpendicular to c. b) The full setup including the 
DR in the EPR sample tube and the single crystal mounted on the quartz rod. 
The resonance field of species I is independent of the rotation angle for this plane and 
corresponds to the gxx,yy spectral positions of the powder spectrum of as-synthesized AcetELM-
11. Furthermore, the shape of the signal of species I is comparable to this gxx,yy edge 
singularity of a typical powder pattern of a species with approximately axially symmetric g 
tensor. Therefore, we tendentially assign species I to already disintegrated, powder-like parts 
of the AcetELM-11 single crystal sample that presumably result from the loss of solvent 
molecules in this regions. 
Species II shows a substantially larger line width as the major Cu
2+
 species and species I. 
Furthermore, its resonance field approaches the gzz spectral position of the powder spectrum 
of as-synthesized AcetELM-11 where a significant line broadening has likewise been 
observed. Therefore, it seems justified to assign species II to minor regions of the crystal with 
severe structural distortions. They might result from an initial state of the solvent evaporation 
process and indicate the onset of the structural disintegration of the crystal. 
 
 
Figure S2: Singe crystal EPR spectra of as-synthesized AcetELM-11 single crystal 
recorded at 20 K for a rotation of B0 in the AC plane showing the signals of the major 
Cu
2+
 species and two minor species I and II. 
 
DRIFT spectra  
 
 









Figure S5. Nitrogen (77K) and carbon dioxide (195K) adsorption isotherms of MeOHELM-11 




Figure S6. Theoretically calculated PXRD patterns for (1) and (2) bottom and experimentally 
measured for MeOHELM-11 and AcetELM-11 “as synthesized”. 
 
Figure S7. Comparison between MeOHELM-11 and AcetELM-11 “as synthesized”, desolvated 
and resolvated PXRDs. 
  
Crystallographic data for (1) and (2). 
Table S1. Selected bond lengths and angles for crystal structure (1). 
A-B d, Å A-B-C Angle, ° 
Cu1-N1_(a,c,d) 2.018(3) N1-Cu1-N2 90.00 
Cu1-N2_e 2.478(11) N1-Cu1-N1_a 90.00(18) 
N1-C1 1.303(12) N1-Cu1-N1_c 180.00 
N1-C4 1.309(12) N1-Cu1-N1_d 90.00(18) 
N1-C1_g 1.303(12) N1-Cu1-N2_e 90.00 
N1-C4_g 1.309(12) N1_a-Cu1-N2 90.00 
N2-C6 0.96(2) N1_c-Cu1-N2 90.00 
C1-C2 1.424(12) N1_d-Cu1-N2 90.00 
C2-C3 1.344(12) N2-Cu1-N2_e 180.00 
C3-C5 1.343(12) N1_a-Cu1-N1_c 90.00(18) 
C3-C3_b 1.471(6) N1_a-Cu1-N1_d 180.00 
C3-C5_g 1.343(12) N1_a-Cu1-N2_e 90.00 
C4-C5 1.420(11) N1_c-Cu1-N1_d 90.00(18) 
  N1_c-Cu1-N2_e 90.00 
  N1_d-Cu1-N2_e 90.00 
  Cu1-N1-C1 121.6(4) 
  Cu1-N1-C4 121.7(4) 
  Cu1-N1-C1_g 121.6(4) 
  Cu1-N1-C4_g 121.7(4) 
Symmetry codes: a =1-y,x,z; b =-x,1-y,z; c =1-x,1-y,z; d  =y,1-x,z; e =1-x,1-y,1-z; g =x,y,1-z. 
Table S2. Selected bond lengths and angles for crystal structure (2). 
A-B d, Å A-B-C Angle, ° 
Cu1-O1 1.9243(7) O1-Cu1-N1 180.00 
Cu1-N1 2.041(5) O1-Cu1-N2 88.60(15) 
Cu1-N2 2.024(7) O1-Cu1-N3 88.1(2) 
Cu1-N3 2.528(9) O1-Cu1-N2_c 88.6(2) 
Cu1-N2_c 2.024(7) O1-Cu1-N3_c 88.1(3) 
Cu1-N3_c 2.528(9) N1-Cu1-N2 91.40(15) 
N1-C1 1.323(9) N1-Cu1-N3 91.9(2) 
N1-C1_c 1.323(11) N1-Cu1-N2_c 91.4(2) 
N2-C4 1.354(10) N1-Cu1-N3_c 91.9(3) 
N2-C8 1.307(9) N2-Cu1-N3 89.9(3) 
N3-C9 1.09(3) N2-Cu1-N2_c 177.2(3) 
C1-C2 1.386(12) N2-Cu1-N3_c 90.0(3) 
C2-C3 1.384(9) N2_c-Cu1-N3 90.0(3) 
C3-C3_b 1.494(6) N3-Cu1-N3_c 176.2(4) 
C4-C5 1.314(14) N2_c-Cu1-N3_c 89.9(3) 
C5-C6 1.403(11) Cu1-O1-Cu1_a 180.00 
C6-C7 1.431(11) Cu1-N1-C1 120.1(4) 
C6-C6_d 1.458(9) Cu1-N1-C1_c 120.1(6) 
C7-C8 1.362(12) Cu1-N2-C4 121.4(5) 
C9-C10 1.44(4) Cu1-N2-C8 121.2(5) 
  Cu1-N3-C9 175(2) 





During the dissertation period, three different types of MOFs were studied using the 
EPR method. Heteronuclear MOF 3∞[Cd0.98Cu0.02(prz-trz-ia)] was the first to be studied. These 
powders and crystals were synthesized in the group of H. Krautscheid (University of Leipzig). 
The primary task was to confirm the successful replacement of cadmium ions by copper. For 
this purpose, I carried out the measurements of CW EPR of the powder and single crystal 
samples, which I later interpreted by means of simulations and analysis. The experimental data 
were supported by the results of DFT calculations provided by T. Biktagirov (University of 
Paderborn) and published in the Paper I.  
Unexpectedly, already at low concentrations of copper in the sample, EPR signals from 
copper dimers were observed. Thus, a new task appeared - to study MOF ∞
3[Cu(prz–trz–ia)] at 
high concentrations of copper. I created sequence of the experiments: firstly, I was able to 
measure CW EPR powder spectra at 9 GHz and 34 GHz in the University of Leipzig. However, 
for complete understanding of the experimental data, high frequency CW EPR measurements 
were required. By performing such measurements in collaboration with J. van Slageren and P. 
Neugebauer (University of Stuttgart), I obtained and interpreted the spectra at 320 GHz. These 
high-frequency data helped to identify and clarify the magnetic properties of the individual Cu2+ 
paramagnetic centers in the framework. The temperature dependencies of the EPR spectra 
measured by me made it also possible to analyse the antiferromagnetic exchange interaction 
between the copper ions inside the MOF structure. In order to confirm the EPR data, I initiated 
the measurements of SQUID, once again in collaboration with J. van Slageren. The data 
obtained by SQUID were analysed and simulated by me. In the course of the analysis of the 
obtained data, the value of the exchange interaction, the value of the zero-field splitting, as well 
as information about the existence of extra-frameworks copper agglomerates (defects) were 
obtained. Finally, the collaboration with T. Biktagirov helped to shed light on the details about 
the pathways of exchange interaction by means of periodic DFT calculations. The data were 
published in the Paper II. 
The second long-term study was devoted to selective gas adsorption of alkanes and 
alkenes in HKUST-1 MOF. Ethane, ethene, butane and 1-butene were selected as adsorbates. 
In the beginning, I measured EPR on the powder samples adsorbed with gases. Simulations and 
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detailed analysis of the obtained spectra confirmed change in the g and ACu principal values 
upon Cu2+-C2H4 and Cu
2+-C4H8 π-adduct formation. These changes were quantitatively 
reproduced by the quantum chemical computation that I have performed with selected cluster 
models. To confirm the integrity of the structure of HKUST-1 and the absence of severe 
deformation of the crystal lattice after the loading of gases, I measured the angular-dependent 
resonance field positions for the gas-loaded single crystals. Due to the small size of the crystals, 
150-200 μm, the dielectric resonators were employed to increase sensitivity. This work was 
based on the previous developments carried out in our group by S. Friedländer. For the current 
measurements, the whole set-up using the dielectric resonators was done and improved by me. 
The dielectric reosnators were provided by O. Ovchar and A. Belous (Kiev). The data obtained 
as a result of the CW EPR experiments on the gas-adsorbed samples are published in the Paper 
III. 
The material for the Paper IV was acquired by using the Pulsed EPR experiments which 
I conducted on the powder samples of the MOF HKUST-1. I employed the electron-nuclear 
hyperfine spectroscopy to unravel the mechanisms of the adsorption of olefins at the open metal 
sites of the framework. In particular, I explored the adsorption of ethene and 1-butene with 
pulsed ENDOR and HYSCORE. These methods, in conjunction with DFT calculations carried 
out by me in collaboration with T. Biktagirov, allowed to locate individual nuclei carrying a 
nuclear spin in the immediate coordination environment of the open Cu2+ sites. By resolving 
electron-nuclear hyperfine coupling with the nuclear spins of the surrounding protons, I was 
able establish ensemble-averaged atomic-scale images of adsorbed ethene and 1-butene 
molecules. The HKUST-1 samples in the form of crystals provided by S. Kaskel and V. Bon 
(Technical University of Dresden), whereas the powders were synthesized by W. Böhlmann 
(University of Leipzig). 
Finally, the Paper V was put together in collaboration with S. Kaskel and V. Bon 
(Technical University of Dresden) and was dedicated to the flexible MOF ELM-11 that exhibits 
gate-opening behavior. It was necessary to analyse the effect of solvents used in the synthesis 
on the properties of the resulting materials AcetELM-11 (acetonitrile-water) and MeOHELM-11 
(methanol-water). Thus, I measured and analysed EPR spectra of the powders and single 
crystals. This allowed to precisely determine the g tensor orientation, and to unravel the 
coordination and structural deviations of the Cu2+ site. Furthermore, for MeOHELM-11 these 
measurements provided valuable insight about reversible exchange of the axial ligands, i.e. of 
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methanol by tetrafluoroborate, in the octahedral coordination of the cupric ions upon 
desolvation/resolvation of the material.  
Besides my main contributions, that is providing experimental results and analyzing 
different experimental and theoretical data, I was always involved in scientific discussion, 
decision making, and dissemination. 
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